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CHAPTER 1 
General Introduction 
Preview. Studies dealing with plants or plant products mostly start with an intro-
duction that emphasizes their economic use. For instance, the entanglement of hu-
man society with fossil fuels, originally derived from prehistoric plant life, is un-
mistakable. Plants are responsible for the production of 99% of total biomass 
annually (Greulach 1973) and almost 10% (100 billion tons) is fixed in plant cell 
walls (see Côté 1982). 
Each year, billions of metric tons of plant material are processed for various 
purposes. Plants not only supply our basic requirements for food, clothing, medici-
ne, wood or paper, but are, as primary producers, also responsible for the susten-
ance of life in general. The recognition of the importance of plant life today is 
favourably expressed in the concern of preserving the tropical rain forest. Yet, it 
should be realized that the oceans, covering almost 70% of the earths' surface, 
contain in a more concealed form, massive amounts of plant life too. 
However, human appreciation for plants is usually confined to domestic 
quarters. Nonetheless, the incentive for exercizing fundamental or derived biotech-
nological plant research is always rooted in the global understanding of the 
importance of plant life. 

Growth 
Plants are able to grow continuously as they, unlike animals, exhibit an 
indeterminate growth strategy (Lyndon 1990). As a result plants are able to 
perpetually regenerate organs. The indeterminate character of plant growth even 
admits some tree species, like Pinus ponderosa, to reach an age of several 
thousands of years (Fritts 1977, Schweingruber 1983). However, due to the 
inability of autonomous locomotion, plants are confined to their site of origin. 
Plant reallocation, besides reproduction, relies intrinsically on their individual 
growth. Moreover, the shape of plants and specific organs is also completely 
dependent on the direction and rate of cell division and growth of individual cells 
as cellular motion of plant cells is impossible. Whereas the shape of animal cells is 
mainly controlled by the intracellular cytoskeleton (e.g. Ingber et al. 1994), plant 
cells maintain their shape and contribute to the shape of the total plant or organ by 
exerting a vacuolar-controlled hydrostatic force (e.g. Cosgrove 1993a). Reduction 
of this force via a simple shortage of water causes the common phenomenon of 
wilting. The hydrostatic force or turgor pressure is effective because the plant cell 
protoplast is encased in the cell wall. The plastic and elastic properties of the cell-
wall material (e.g. Cosgrove 1993b) permits the cell to literaly pump itself up as a 
balloon. Plant cells are interconnected through their walls. Thus, the total body of 
turgescent cells results in the net effect of an erect plant. However, the role of 
turgor pressure as the driving force in cell shape should be approached with proper 
precaution as it was shown recently (Money and Harold 1993) that some tip-
growing fungi can grow without a measurable turgor pressure. 
The shape of plant cells is highly variable and clearly related to the ultimate 
cell function (Esau 1965). Turgor pressure, however, exerts its force equally in all 
directions through the plasmalemma onto the wall. Therefore, if the wall were to 
consist of an homogenous acting substance, cells would be isodiametrically or 
spherically shaped. Clearly, this is not the case. The reason for the heterogenity of 
cell shape is related to the spatial and temporal distribution of the different 
substances which make up the cell wall. 
Cellulose 
Roughly, the cell wall is constituted from cellulose and non-cellulosic matrix 
material and may contain 60% water. Cellulose, is the most abundant natural 
occuring linear homopolymer of (l-»4)-j3-D-glucopyranosyl units (Dey and Brinson 
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1984). The proper function of cellulose in nature is determined from the aggregati­
on of several, parallelly oriented polymers into a crystalline microfibril. The length 
of these "cellulose microfibrils" (CMF) is related to the developmental stage of the 
plant and may vary between less than 500 to more than 15000 DP (degree of 
polymerization or amount of linked glucose units, Haigler 1985). The actual length 
of CMF in wall preparations is difficult to determine as CMF endings cannot be 
recognized, but estimates indicate lengths of 10 μιτι or more (Emons 1991). CMF 
length may be even infinite as glucan chains might overlap. The width of CMF 
varies between approximately 4 to 30 nm depending on the plant species (Preston 
1974, Ruben and Bokelman 1987). 
Natural crystalline cellulose (Cellulose I) is supposed to be a metastabil 
form. This type has not been chemically reproduced to date. Although, a 
breakthrough is likely to occur in the near future (Brown, personal cummunica-
tion). The chemical bonding and crystallinity of cellulose make it a substance that 
is almost chemically insoluble and mechanically indestructable (Roelofsen 1959). 
Its unique structure and properties are used by the plant cell to produce an 
architectual framework (texture) around the cell to sustain the turgor pressure 
imposed stress. The CMF are embedded in a variety of other cell wall polysac­
charides and certain proteins (e.g. Cosgrove 1993b). Although it is still believed 
that the CMF framework is the component that withstands tensile strength and 
hence controls cell shape, it is becoming progressively clear that the matrix is 
actively involved in the effectiveness of the CMF framework (Carpita and Gibeaut 
1993, Li et al. 1993, 1994, van Cutsem and Messiaen 1994). In recent years, 
based upon supposed similarities with the animal extracellular matrix (ECM), it 
was even proposed to discard the term "Cell Wall" in favour of the designation 
ECM (e.g. Sanders and Lord 1993, Roberts 1990). However, the scientific 
argumentations for this theory have been questioned (Robinson 1991). 
Cellulose biogenesis 
Cellulose microfibrils emerge on the outer surface of the plasma membrane 
and the current opinion is that, despite the lack of biochemical evidence, they are 
produced by transmembrane enzymes or terminal complexes (TCs). In higher 
plants the complexes are rosette- and/or globular-shaped (Emons 1991), whereas 
in, for example, algae they can be tetrad- (Tsekos et al. 1993) or multi-linear 
shaped (Tsekos and Reiss 1992). Okuda and Mizuta (1993) have recently presented 
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a list of various forms of TCs and their putative evolution in plants. The total 
activity of TCs will ultimately result in a certain texture. As textures are often 
highly ordered, an ordering system is assumed to be present. The driving force 
behind an ordered CMF deposition is thought to be provided by the cortical 
network of microtubules (MT, review Seagull 1991). However, numerous other 
reports contradict this assumption (review Emons et al. 1992). Recently, Kimura 
and Mizuta (1994) have tried unsuccesfully to bridge this inconsensus. Others, 
(Vian et al. 1993, Roland et al. 1993) favour a more autonomous form of wall 
self-assembly, though this seems to depend on close contact between CMF (Revol 
et al. 1992) and as CMF are 20-40 nm spaced apart (McCann et al. 1990) this 
seems unlikely. 
Cell wall and texture 
Two types of plant cell walls can be distinguished. The distinction is based 
on i. the developmental stage of the cell and ii., as a consequence, the difference 
in biochemical composition (Darvill et al. 1980). A primary wall is constructed in 
dividing cells and during the time when these cells are increasing in size. Once 
growth has ceased, a secondary wall may be apposed to the primary wall. A semi-
intermediate wall formation can be found in tip-growing cells (Derksen and Emons 
1990). Both pollen tubes (Kroh and Knuiman 1982) and root hairs (Emons 1989) 
form a primary wall in the tip dome and simultaneously deposit a secondary wall 
in the cylindrical, lower parts of the cell. 
The basis for texture formation resides in the assumption that the initial 
primary cell wall, i.e. the wall formed before cells start to elongate, is deposited in 
a random, or dispersed texture. The description "random" is based on the early 
studies using a polarization microscope. The intrinsic birefringence of CMF will 
cause extinction of polarized light by the total texture, i.e. throughout the width of 
the wall, if the orientations of the CMF are evenly distributed. If a certain 
direction dominates, polarized light will pass. Therefore, initial cell walls were 
called random as they cause complete extinction of polarized light. Wall preparati-
ons of extracted material, observed in the electron microscope, seemed to confirm 
the random distributions of CMF depicted from polarization microscopy. Moreo-
ver, it corroborated the belief that a spherical cell will distribute CMF in all 
possible directions as the stress developed in the wall is also distributed equally. 
However, some highly ordered textures may cause extinction of polarized light as 
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well. For instance, in helicoidal walls, thin layers of CMF are progressively 
deposited, yet simultaneously accompanied by a change of pitch between each 
layer. A monotonous helicoid is formed if no temporal changes take place in CMF 
formation. The stacking of the different wall layers resembles a winding staircase. 
The crucial element obtained with the polarizing microscope, calling initial primary 
walls random is, therefore, invalidated. 
However, it is possible to designate a set of various texture types using 
polarization microscopy (see Roelofsen 1959). The typology is mainly based upon 
the mean orientation of CMF. It was already stressed by Roelofsen (1959) that this 
typology is arbitrary as intermediate types seem to exist. Moreover, the birefrin-
gence of different wall layers may disguise the actual mean orientation of CMF as 
this depends on the orientations within the different layers. Also the thickness of a 
certain layer may dominate in the net effect. 
Texture formation 
The process of unravelling texture types finally led to the introduction of the 
Multi-Net Growth Hypothesis (Roelofsen and Houwink 1953). Briefly, it stated 
that newly formed CMF in elongating cells are deposited transversely. As growth 
increases these CMF will stretch to a longitudinal position, whilst newer ones will 
still be deposited in the transverse direction. This form of CMF deposition was 
believed to allow uniaxial elongation of the initial cell as transverse orientation in 
the lateral walls provide the necessary constriction. The passive reorientation of 
CMF has, however, been challenged since then. Preston (1974) calculated reorien-
tation limitations for CMF. The major bottleneck of the MGH theory was the 
interpretation of static images, which emphasized the observation of transverse 
CMF at the inside of the walls and longitudinal CMF at the outside. Actual 
monitored changes in CMF orientation were not available. However, applying 
quantitative analyses on walls cleaved through different layers, it was shown that 
CMF deposition follows a sequence of helical orientations of different pitch, 
although some reorientation, within the limits calculated by Preston (1959), were 
admissible (Wolters-Arts and Sassen 1991). The question of oriented deposition 
and reorientation have also been thoroughly discussed by Boyd (1985). In his 
biophysical monograph on the problem several prerequisites for wall formation 
were addressed. The most important feature was the abolishment of the cylindrical 
cell type as the basic element. Generally, the cylindrical model predicts transverse 
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stress twice as high compared to the axial stress, whereas cells elongate axially. 
Boyd (1985) has, therefore, introduced the helical spring model, which predicts an 
axial stress of at least three times larger as it is for the transverse imposed stress. 
The model is highly compatible with the observation of helically wound CMF in 
most cells. Variations of the pitch of helices throughout the wall are in agreement 
with the ability of cells to elongate without drastic changes in the texture. Within 
this model, reorientation is not absolutely necessary. So far, evidence to experi-
mentally confirm this model are scarce, due to the lack of quantitative data. 
Recently, however, cell wall deposition in Petunia cells showed alternating helices 
of CMF deposition with changing pitch (Wolters-Arts and Sassen 1991). It was 
inferred that in very young cells, a clear sequence of CMF deposition occurs 
before elongation. Transverse orientations of the inner cell layer were dominant at 
the end of the cycle of deposition, but were also found in deeper layers. It could be 
concluded that deposition in primary walls, initially, is not started randomly (see 
also Sassen and Wolters-Arts 1992). The presumed reorientation of CMF according 
to the multi-net growth hypothesis during elongation, is not the consecutive element 
in cell texture establishment. The orientation of CMF deposition was shown to be 
far more variable than has been assumed for decades. These data, together with the 
former types of texture established with the polarizing microscope indicate that the 
helical spring model is probably applicable to all cell types. The variation of the 
texture types might thus be related to the position of the cell in a tissue and its 
required growth rate under circumstances. The further testing of the model requires 
additional quantitative data on the deposition of CMF in primary cell walls, but 
also the exact spatial, temporal distribution and intensity of CMF synthesis in 
relationship with cell growth. Recently, Emons and Kieft (1994) presented a 
promising geometrical model on cellulose microfibril deposition, which combined 
with the information discussed above should aid in the final understanding of the 
relationship between plant cell wall construction and cell shape. 
Callose 
Besides cellulose and matrix components, another polymer of glucose is 
formed by plant cells that is not determinable as a matrix component. Hanstein 
(1864) described a hyalin mass in laticifers and called it "Kallus". Almost 30 years 
later it was Mangin (1890) who introduced the term callose. Recently, a compre-
hensive study by Stone and Clarke (1992) presents the current information on 
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callose covering the literature till 1986. Callose is formed as a (l-»3)-ß-D-glucan 
with variable DP. Unlike most other polysaccharides, little is known of its 
biochemical and biophysical properties. It is assumed that, like other (l->3) 
glucans, callose is helically wound and may form three-dimensional triple-strand 
complexes. Isolated, dehydrated callose may exhibit crystallinity, yet a (micro-) 
fibrillar appearance was only confirmed for certain yeasts. Callose represents a 
group of (l-*3)-ß-glucans with variable side branches depending on the source. In 
some instances it seems that parts of the polymer may alternate with (l-»4)-ß 
glucans. Experiments with isolated callose showed that callose has a high water-
holding capacity and in vivo probably exists as an hydrated gel with variable 
permeability properties. 
Callose synthesis 
Callose is always found just outside the plasma membrane. The spatial 
distribution of callose depends on the origin of its occurence. Callose may be 
transiently or permanently present. Typically, it is present during developmental 
stages of plant cells, like cell plates, hairs, pit canals, epidermal cells, plasmode-
smata, sieve cells, sieve plates, guard cells and during the processes of micro- and 
macrosporogenesis. Moreover, in extreme situation, like wounding (or infection), 
callose is produced in split-seconds. Especially, these latter cases indicate that the 
producing units for callose are constantly present in the plasma membrane. 
Currently, the hypothesis is favoured that the cellulose producing enzyme may 
switch to callose synthesis during plasma membrane perturbing events (e.g. 
Northcote 1991, Wu and Wassermann 1993). However, nongrowing cells still 
maintain the callose-producing ability, which would then imply that the cellulose 
synthesizing enzymes are not completely turned over, different callose synthases 
must exist or can be altered within the membrane. Schliipmann et al. (1993) claim 
that they have found a callose synthase in tobacco, which seems to differ from 
wound-callose synthase. Pollen tubes form a large amount of callose in their 
secondary wall behind the growing tip. Interestingly, physical wounding of such 
cells produces wound callose as well, at least based upon the morphology determi-
ned from Aniline Blue induced fluorescence (van Amstel, unpublished results). 
This pollen-tube wound callose is always found just below the tube tip or in the tip 
where little or no callose is formed. Similar results were also obtained when, for 
instance, full-grown leaves of Drosera were cut in strips. These results indicate 
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that different callose synthases exist, but, unfortunately, not if they arise from a 
different source or if a single-type synthase is altered within the membrane. 
Callose function 
Callose is found in a wide variety of instances in higher plants, but also in 
procaryotes, fungi and algae. A sole function for callose for every occurence is 
difficult to assign. For this reason, it is necessary to investigate the similarities of 
the events when callose occurs. Of course, a multifunction should not be excluded 
initially. 
It has been proposed that callose forms a matrix or scaffold for the depositi-
on of the exine of certain pollen species, although the mechanism is unknown 
(Waterkeyn and Bienfait 1970, Scott et al. 1994). To create a mold for the exine, a 
highly controlled variation of callose synthesis must exist. For spatial and temporal 
control of synthases to be effective, there must be a transmembrane interaction 
with the cytoskeleton. 
A barrier or separation function is assumed in somatic cell division (cell 
plates) and during macro- and microsporogenesis. Emphasis is placed upon the 
separation of the developing haploid tissue from the diploid sporophyte. Further-
more, during macrosporogenesis the formation of callose may exhibit various 
patterns, inconsistent with the idea of gametophytic-sporophytic separation. 
Moreover, the diads in liverwort gametogenesis form a thick callosic wall as well, 
yet they emerge from a mitotic division of haploid tissue (Górska-Brylass 1969). 
Also, one would expect callose formation around the mother cell in somatic 
divisions and not in the cell plate if a separating function should apply. This too is 
applicable during tetrad formation. Why are the developing microspores separated 
by a relatively thin callose wall? The microspore-surrounding callosic special wall 
has a variable permeability (Heslop-Harrison and Mackenzie 1967, Rodriguez-
Garcia and Majewska-Sawka 1992). Non-completion or absence of this wall causes 
cell ablation, although in some species, as for instance Perdularia anemia, it is 
completely missing (Vijayaraghavan and Shukla 1977). Fungal infection seems to 
elicit the deposition of vast amounts of callose by the infected plant. Oddly, fungi 
excrete various glucanases, which should overcome this barrier. Even stranger is 
the absence of such callose formation when plants are invaded by parasites like 
Orobanche and Cuscuta (Schumacher and Halbsguth 1939). 
Callose in pollen-tube secondary walls is supposed to stiffen and strengthen 
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the wall, yet no evidence for this presumption is apparent nor for the sealing 
function of the callose plugs (see chapter 4). In various species callose plugs or 
even the callosic wall are missing. A relation with compatible/incompatible 
crossings is apparent, but without any understanding of the cause/effect relations-
hip. 
The transient appearance of callose in cotton fibres (Waterkeyn 1981, a most 
elaborate cyto-histochemical study) provides the possibility of a precursor multi-
function of callose and as such may relate to the transition of synthases within the 
plasma membrane. Callose as a glucose source for cellulose seems questionable, 
assuming that UDP-glucose in the periplastic area is used for cellulose synthesis. 
The sliding or lubricating function for CMF is difficult to interpret. But, maybe as 
in molding the exine, it might indicate a fixation of synthases, through callose 
formation, with the plasma membrane and cytoskeleton. Thus, ensuring a continu-
ous CMF formation in these contiguous, epidermal outgrowths. 
The properties of callose tested to date, predominantly related to studies on 
sieve elements, has led to the hypothesis that as it occurs as an hydrated gel with 
variable permeability, it may act as an apoplastic vacuole, edimically controlling 
waterflow and thereby the transport of solutes (e.g. Eschrich 1975). A presumed 
barrier or separation function of callose is not in conflict with its water controlling 
capacity. Callose seems to be present in cells contiguous with the environment. At 
least, if differing neighbouring cells are accepted as "environment" too. The mode 
of separation or barrier capacity depends on the contents of separation (i.e. 
Stanghellini et al. 1993) or visa versa on desired contact. Clearly, it is not 
adequate to just register the separation of, for instance, microspores in develop-
ment. The invisible parameters of separation or endured contact still have to be 
established. 
Extent of this thesis 
Every chapter touches one or more of the topics mentioned in the paragraphs 
above. 
The second chapter shows an extended quantitative analysis of cellulose 
microfibril orientation in primary walls of isodiametric and elongating cells. 
Sequential and gradual changes in CMF orientation lead to a complex texture in the 
cell types studied. The similarities with helicoidal wall formation are discussed. 
A quantitative analysis of a lower order, in chapter three, was applied to 
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CMF orientations and cortical microtubules (MT) in the secondary cell wall 
formation of Urtica root hairs. The consequences for cytoskeletal involvement of 
CMF orientations, together with the designated texture type are presented. 
Cell shape is altered in chapter four. The use of various "Ca-effectors" on 
regenerating, elongating tobacco protoplasts demonstrates the phenomenon of spiral 
growth and its relationship with the helical spring model. 
Chapter five is a survey on the formation of pollen tube walls. Several 
approaches were used to classify stages of pollen tube wall development. The role 
of callose in pollen tubes is extensively explored. 
The following chapter (six) shows the in vivo formation of nascent CMF on 
the surface of regenerating tobacco protoplasts. The role of callose in this process 
as well as during the culture cycle of suspension cells is described. 
Chapter seven describes a possible role for callose in cell-environmental 
interaction using onion epidermal cells. 
Finally, a summary in English (chapter eight) and one in Dutch (chapter nine) are 
presented, and will give an overview of the main results, extended discussions and 
conclusions. 
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CHAPTER 2 
Tracing cellulose microfibril orientations in 
inner primary cell walls 
AMC Wolters-Arts, ANM van Amstel and JWM Derksen 
Protoplasma (1993) 175: 102-111 
Abstract. By quantitative analysis of cellulose microfibril orientations at different 
levels in the primary cell wall of a number of cell types, the completion of the wall 
texture was studied. Meristematic, isodiametric and cylindrical parenchyma cells 
and cells of a suspension culture were used. 
Within the newly deposited microfibril population, various orientations were 
recognized on the micrographs. Within subpopulations the orientation of 
undercrossing and overcrossing microfibrils were measured. These measurements 
showed a gradual shift in the cellulose microfibril orientation in the different levels. 
Microfibrils showed predominant orientations at particular levels but microfibrils of 
intermediate orientation also occurred, although at a much lower density. As 
cellulose microfibrils of intermediate orientation were not closely packed, lamellae 
were not formed. 
Interwoven microfibrils were occasionally present, indicating that differently 
orientated microfibrils are occassionally deposited simultaneously. Also gradual 
changes in orientation over the entire inner cell wall surface were observed. From 
these observations it was inferred that microfibril deposition occurs with a small 
but regular and progressive change in orientation, the rotational motion, related to 
that of a helicoidal system. 
Introduction 
It has been suggested that helicoids, a type of plant cell-wall texture, is 
widespread in the walls of a range of plant cell types (Neville and Levy 1984, 
1985; Neville 1986). This suggestion is based on the occurrence of arcuate patterns 
in cross sections, which indicates the presence of helicoids. A helicoid consists of 
stacks of thin layers, each layer containing microfibrils orientated parallel to one 
another. Between successive layers there is a small but regular and progressive 
change in direction, resembling that which occurs between the steps of a spiral 
staircase (Neville and Levy 1984). 
Roland et al. (1987, 1993) distinguished two types: (1) the change in cellulo-
se microfibril orientation by a constant amount occurs continuously over time 
(monotonous helicoids) - the basic model; and (2) the shift in microfibril orienta-
tion occurs by a variable amount over time (destabilized helicoids). In this latter 
case a great variety of twisted appearances are possible. Roland et al. (1987) 
demonstrated that a number of secondary cell walls are related to the helicoidal 
system. The SI layer in Tilia platyphyllos rotates through part of a helicoid to 
attain a new direction in the S2 layer. The S2 and S3 layers are also interconnected 
via an intermediate semi-helicoid (Roland 1981, Roland and Mosiniak 1983). In the 
SI, S2 and S3 layers the shift is blocked in one orientation (Roland et al. 1987, 
Vian and Reis 1991). This also accounts for softwoods, as intervening helicoids 
have been observed in Pinus sylvestris (Liese 1965) and Picea abies (Parameswa-
ran and Liese 1981). Wall textures in different cell types, such as collenchyma 
(Roland 1981), some sclerenchyma and sclereids (Roland et al. 1987) and some 
fibers and vessels (Juniper et al. 1981, Harada and Côté 1985, Kishi et al. 1979), 
have also been shown to be helicoidal expressions (Roland et al. 1987). These 
observations have lead to the assumption that helicoids may be considered a basic 
component of cell walls (Vian and Reis 1991). However, this hypothesis can barely 
be supported by observations so far made on primary walls. The helicoidal type of 
wall texture has only been observed in the cortical parenchyma cells of mung beans 
(Roland et al. 1975, 1977) and in pea epicotyls (Lang et al. 1982). 
The aim of the present study was to examine primary cell walls in different 
cell types, to decide whether helicoids (monotonous or destabilized) are present. As 
these cell walls are very thin and any apparent order in vertically cut wall is 
difficult to see, the inner surfaces and cleaved surfaces were studied. In order to 
study the sequence of microfibril deposition we modified a quantitative method. 
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Walls of meristematic cells of Petunia hybrida and Vinca major, parenchyma cells 
of Allium сера and P. hybrida, and suspension cells of Nicotiana tabacum were 
used. 
Material and methods 
Plant material 
Meristematic cell walls were studied in vegetative shoot apices of Petunia hybrida and 
Vinca major. P.hybrida L. clone W166K (Max-Planck Institut für Züchtungsforschung, Köln, 
FRG) was grown under greenhouse conditions, while V. major plants were grown in the garden. 
Flowers of P. hybrida were also used. Styles of 0.1 cm, 0.5 cm amd 1 cm long were used to 
examine cylindrical parenchyma cells. Isodiametric parenchyma cells were obtained from mature 
bulbs of Allium сера L. To ensure that only parenchyma cells were obtained the epidermal 
layers on both the concave and convex surfaces and the visible veins were removed (McCann et 
al. 1990). 
Suspension cells of Nicotiana tabacum L. "Bright Yellow 2 Gö" were used. These were 
cultured in modified Linsmaier-Skoog medium supplemented with 3% sucrose, 255 mg KH2P04 
and 0.2 mg/ml 2,4-dichloro-phenoxyacetic acid (2,4-D), pH 5.8, at 26°C in the dark (Nagata et 
al. 1981). Protoplasts of log-phase suspension cells were prepared by incubation in 1% (w/v) 
Cellulase "Onozuka" RS (Yakult Pharmaceutical Ind. Co., Ltd., Tokyo, Japan) and 0.1% (w/VO 
Pectolyase Y-23 (Seishin Pharmaceutical Co., Ltd., Tokyo, Japan) in 0.4 M mannitol for 2 h. 
Subsequently, the protoplasts were rinsed 3 times in Fukuda-Murashige-Skoog (FMS) medium, 
collected on 0.4 M sucrose and transferred to FMS elongation enhancing medium according to 
Hasezawa and Syonö (1983). 3-7 day old elongated cells were used. 
Electron microscopy 
Wall synthesis was halted by fixation in 2% glutaraldehyde in sodium-phosphate buffer 
(pH 6.9) for 1 h after tissue preparation. Shoot apices were embedded in polyethylene glycol, 
sectioned and extracted in 30% hydrogen peroxide and 96% acetic acid (1:1, v/v) for 1 h at 
90°C, as described by Sassen and Wolters-Arts (1992). In these preparations only the inner 
surface of the wall can be studied. Styles of different lengths and onion parenchyma were 
extracted with 30% hydrogen peroxide and 96% glacial acetic acid (1:1, v/v) for 30-60 min at 
90°C. Elongated tobacco cells were extracted in ethanol amine for 45 min at 90°C. Longitudin-
ally sectioned styles, individual onion cells and elongated tobacco cells were mounted on 
poly-L-lysine coated grids and prepared for dry cleaving as described by Sassen et al. (1985). 
The inner surface wall texture can be studied, and in obliquely cleaved preparations, from the 
inner to the outer surface. Half of the preparations were shadowed at an angle of 45°, the others 
rotary shadowed and both examined in a Jeol (Tokyo, Japan) EM CX 100 II electron micro-
scope. 
Quantitative analysis of microfibril orientations 
Micrographs of the cell walls were printed at a final magnification of 70,000. The 
microfibril orientation in the total visible population was measured as previously described by 
Wolters-Arts and Sassen (1991). The longitudinal axis in cylindrical parenchyma cells was the 
reference for measurements. In meristematic and isodiametric parenchyma cells the measure-
ments were carried out relative to an imaginary cell axis. For the quantitative analysis we always 
measured ten cells from each preparations. 
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From the total population of microfibrils covered by a point of the trellis, we selected 
newly deposited microfibrils by tracing and measuring only those microfibrils that were not 
overcrossed by other microfibrils by 1 cm of other microfibrils (see Fig. 1). Newly deposited 
microfibrils represented about 20% of the total population. The remaining 80% were earlier 
deposited, underlying microfibrils (see Fig. 1). Newly deposited microfibril orientations 
represent not only the nascent but also previously deposited microfibrils of different orientation. 
The proportion of previously deposited microfibrils depends on the density nascent microfibrils: 
with a higher density of the latter fewer the underlying microfibrils of different orientation are 
visible. Although a distinct sequence of orientations in newly deposited microfibrils was always 
recognized in the micrographs, due to overlap between distributions patterns, orientation could 
not be separately seen in the frequency distributions. Differences of at least 30°-40° were 
necessary in order to distinguish individual peaks (see also Fig. 10 in Wolters-Arts and Sassen 
1991). 
We undertook to objectively define the observed orientation sequence in the population of 
newly deposited microfibrils (as seen in the micrographs). Within the newly deposited microfi­
brils population orientation was classified in subpopulations according to that recognizable on the 
micrographs (Fig. 1). From each point of the trellis belonging to the subpopulation we measured 
the orientation of the undercrossing and nearest overcrossing microfibril. If the apparent 
sequence is real there should also be an orientation of overcrossing, subpopulation and under-
crossing microfibrils. If there is no distinct sequence the orientations of over- and undercrossing 
microfibrils should be the same (see Fig. 1). 
Fig. 1. Schematic representation of different microfibril orientations 
on a point lattice. To measure newly deposited microfibrils only 
microfibrils covered by a point of the trellis and not overcrossed 
within a radius of 1 cm from that point were traced (arrows) (a). 
The traced orientations were divided into subpopulations classified 
/ (black), 2 (grey), and S (light), a A sequence of three distinct 
orientations is present. Overcrossing of subpopulation 2 is found in 
subpopulation 1, undercrossing in subpopulation 3. b The same 
orientations as in a but not in a distinct sequence Both over- and 
undercrossings of subpopulation 2 are found in subpopulation 1 and 
3. о Overcrossing, и undercrossing 
Results 
Meristematic cells 
In a previous paper it was shown that microfibril deposition in corpus cells 
of Petunia hybrida and Vinca major was not random (Sassen and Wolters-Arts 
1992). The inner surfaces of these cells apparently showed 1 or 2 predominant 
microfibril orientation patterns. However, microfibrils in other orientations were 
also present, although at lower densities (Fig. 2). The distribution of the microfi­
brils was not homogenous over the entire surface, and the microfibrils were 
occasionally interwoven (Fig. 2 inset). In cells with two predominant orientations, 
quantitative analysis showed that the total population of the microfibril orientations 
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Fig. 2. Inner surface of a meristematic cell of Petunia hybrida showing two predominant orientations (arrows). Intermediate microfibril 
orientations are indicated by broad arrowheads. /, 2, and S The different orientations of the newly deposited microfibrils. Bar: 0.5 цт. Inset 
Interwoven microfibrils ( χ 80,000). Longitudinal axis is horizontal, a Frequency distribution with intervals of 30' of the total population 
of microfibril orientations and of newly deposited microfibrils. The measurements were carried out on the cell shown in the micrograph, b 
The population of newly deposited microfibril orientations was substracted from the total population, representing orientations underlying 
the newly deposited microfibrils. In a and b the absolute frequency is in number of measured orientations 
Fig. 3a-f. Frequency distributions with intervals of 30* of the subpopulations with corresponding over- (a-c) and undercrossing (d-f) 
microfibrils. The subpopulations (1, 2, and 3) correspond with the arbitrarily chosen orientations (1, 2, and 3) indicated in Fig. 2. Relative 
frequency as % 
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largely occurred within a range of about 120° (Fig. 2a). The proportion of 
orientations of newly deposited microfibrils were almost exclusively orientated at 
30° at one edge of the total distribution (Fig. 2a); substraction of these populations 
enabled the underlying microfibril orientations to be discerned (Fig.2b). 
As the measurements were carried out relative to an imaginary long axis data 
from different cells could not be pooled. All cells showed essentially the same dis-
tribution of microfibril orientations. Observations and measurements on different 
cells are represented by those on the wall shown in Fig. 2. Within the population 
of newly deposited microfibrils subpopulations were distinguished that correspon-
ded with the orientations in the micrograph (see Fig. 2). The subpopulations and 
corresponding over- and undercrossing microfibril orientations are represented in 
Fig. 3a-f. Comparison of over- and undercrossing microfibril orientations with 
those in the subpopulations showed that overcrossing microfibril orientation (Figure 
3a-c) was mainly at the right hand edge of the subpopulations (dotted), whereas the 
undercrossing orientations (Fig. 3d-f) were almost always situated on the left hand 
side. Thus, the orientations of the overcrossings, subpopulations and undercros-
sings represent three subsequent levels in the wall, all of different orientation. In 
subpopulation 2 the proportion of interwoven microfibrils was relatively high and 
responsible for the observed overlap. This was due to the relative low density of 
microfibrils in this level. As subpopulation 3 was the deepest level examined some 
contamination occurred in the undercrossing microfibrils, as seen at the right hand 
edge of the micrograph (150°-180°) from even deeper levels. 
Comparison of the undercrossing microfibrils of subpopulations 1,2 and 3 
(Fig. 3d-f) showed that these orientations were in the range of the underlying 
orientations seen in Fig. 2b. There was a gradual shift towards the right-hand side 
(anti-clockwise), with the exception of the contamination seen in Fig. 3f. In all 
cells this shift in direction was found in both over- and undercrossing orientations 
(as shown here). In half the cells this shift was clockwise, in the other half 
anti-clockwise. 
Measurements on various sites over the entire cell wall showed differences in 
the density of microfibrils (Fig.4). In Fig 4a-c a gradual increase in the proportion 
of microfibrils at 0°-60° and a corresponding decrease of those at 150°-180° can 
be seen. The undercrossing microfibril orientations became more prominent as 
mirofibrils orientated at 60°-90° increased. In all cases no differences were found 
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between rotary shadowed preparations and those shadowed at an angle of 45°. 
• Newly deposited m.f. orientations 
'Under-crossing m.f. orientations 
90 
Newly deposited m f onentations 
'Undercrossing m.f. orientations 
90 
Newly deposited m.f. orientations 
Undercrossing m.f. orientations 
90 
Fig. 4. Inner surface of a menstematic cell of Petunia hybrida. In the areas A, B, and С the orientation of newly deposited microfibrils and 
their undercrossing microfibrils was measured. Dotted lines indicate microfibril orientation 150*—180", solid lines 0'-60* orientation. Lon­
gitudinal axis is horizontal. Bar: 1 um. «-с Frequency distributions with intervals of 30" of newly deposited microfibril orientations and their 
undercrossing microfibrils as measured in the areas A, B, and С in the micrograph. Relative frequency as % 
Isodiametric parenchyma cells of onion 
Obliquely cleaved cell wall preparations revealed inner surface and surfaces 
at different depths. At least 4 or 6 layers of succesive surfaces were observed with 
two predominant microfibril orientations at an angle of 60°-90° (Fig. 5a). The 
density of these layers gradually decreased from the inner to the outer surface as a 
result of cell growth. Comparison of meristematic and parenchyma cells showed 
that density of predominant microfibril orientations was higher in parenchyma cells 
and the abundance of intermediate microfibril orientations relatively lower (compa­
re with Fig. 2a). Figure 5b is a detail of the inner surface; the corresponding 
frequency distributions of subpopulations and over- and undercrossing microfibril 
orientations are shown in Fig. 6a-c, f-g respectively. Figure 5c shows a cleaved 
surface; the corresponding frequency distributions are shown in Fig. 6d,e, i,j. The 
results were similar to those from meristematic cells. Comparison of over- and 
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Fig. 5. a Obliquely cleaved preparation of an Allium сера parenchyma cell, ι Inner surface, о outer surface. Bar: 1 um. b and с Details of a. 
b The inner surface, с a cleaved surface. Predominant orientations are indicated by arrows; intermediate orientation by broad arrowheads. 
Longitudinal axis is horizontal. Bar: 0.2 um 
Fig.6a-j. Frequency distributions with intervals of 30' of the subpopulations of newly deposited microfibrils with corresponding over- (a-
e) and undercrossing (f-j) microfibrils as measured on the inner (a-c and f-h) and the cleaved surface (d, e and 1, j). The subpopulations 1, 
2, and 3 in the graphs correspond with the orientations indicated in Fig. 5 b and с Relative frequency as % 
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undercrossing microfibril orientations with those in the subpopulations showed that 
the overcrossing microfibril orientations (Fig. 6a-e) were mainly at the left-hand 
edge of the subpopulations (dotted) and the undercrossing microfibril orientations 
(Fig. 6f-j) at the right-hand side. The overlap was greater than in the meristematic 
cells. This was due to the relative densities of the predominant orientations. A 
gradual shift in either or both (Fig. 6a-j) over- and undercrossing microfibril 
orientations occurred. The shift was either clockwise (Fig. 6a-j) or anti-clockwise. 
In four out of ten cells successive cleaved surfaces showed a switch in orientation 
from clockwise to anti-clockwise or vice-versia. Measurements of different sites on 
the inner surface were similar to those of meristematic cells, i.e., microfibril 
orientation density varied. 
Elongating parenchyma cells in stylar tissue 
As shown previously the alternating helical texture found in parenchyma 
cells consists of six predominant alternating S and Ζ helical orientations. The 
frequency distributions of these orientations include a small number of different 
microfibril orientations (see Fig. lb-5b in Wolters-Arts and Sassen 1991). 
Transition between successive orientations was re-examined in parenchyma cells 
0.1 cm long styles. Between alternating S and Ζ helical orientations microfibrils 
with intermediate orientations often occurred (Fig. 7a). Curvatures of the microfi­
brils was frequently observed (Fig. 7b). 
The inner surfaces of about 95% of the parenchyma cells 0.5 cm and 1 cm 
long styles showed transverse S- or Ζ helical microfibril orientation. In the remai­
ning 5% other orientations were observed above the transversely orientated 
microfibrils. These microfibrils appeared to be gradually changing their orientation 
towards the next alternating orientation (Fig. 7c,d). Microfibrils were occasionally 
interwoven. Measurements (surface Fig. 7d) of undercrossing microfibril orienta­
tions confirmed the gradual shift in orientation, as these were consistently found at 
the left-hand edge of the subpopulations (Fig. 7e-f). Both clockwise and anti-clock­
wise (Fig. 7e,f) shifts occurred. 
Elongating tobacco cells 
These cells showed transversely S or Ζ helical orientations at the inner 
surface after 3 and 7 days elongating. Intermediate orientations were observed, 
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Fig. 7. a and b Inner surface of parenchyma cells from a < 0.1 cm long style. The longitudinal cell axis is vertical, a Z-helically orientated 
microfibrils above obliquely S-helically orientated microfibrils (arrows). Between these orientations intermediate orientations were present 
(arrowheads), b Obliquely Z-helically orientated microfibrils deposited on top of axially orientated microfibrils. Curvature is indicated by 
arrowheads, с and d Inner surface of parenchyma cells с of a 0.5 cm long style and d of a < 0.1 cm long style. The longitudinal cell axis is 
vertical. Above the transversely orientated microfibrils other orientations are present. Above microfibrils deviating slightly from a transverse 
orientation (arrowheads) more longitudinally orientated microfibrils can be seen (arrows). Bars: 0.2 μηι. e and f Frequency distributions with 
intervals of 30" of the subpopulations of newly deposited microfibrils and corresponding undercrossing microfibrils. Subpopulations I and 
2 correspond with the orientations indicated in d. Relative frequency as % 
Fig. 8a-c. Different sites on the surface of a Nicotiana tabacum cell after 3 days elongation. The longitudinal cell axis is vertical, a Between 
transversely S- and Z-helical orientated microfibrils (arrows) intermediate orientations are present (arrowheads), b Above the transversely 
orientated microfibrils, microfibrils deviating slightly from the above can be seen (broad arrowheads). The distance between a and b is 2 μηι. 
с More longitudinally orientated microfibrils are deposited above these (arrows). The distance between b and с is 4μηι. Bars: 0.2 μιη 
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similar to those in elongated parenchyma cells (Fig. 8a; compare with Fig. 7a). 
Other orientations were also seen above the transverse orientations; they too 
showed a gradual change in orientation (Fig. 8b,c). Differences in the density of 
the microfibril orientations at a single cell surface were similar to those in meriste-
matic and isodiametric parenchyma cells. Compare Fig. 8b and c; the distance 
between the two sites is 4 /xm. 
Discussion 
The present study shows that a subjective criterion, classification into 
subpopulations, can be successfully used to recognize microfibril orientation at 
different levels in the plant cell wall. 
In meristematic walls of Petunia hybrida and Vinca major, and isodiametric 
parenchyma cells of Allium cepa, contrasting orientations at different levels in the 
cell wall clearly exist as over- and undercrossing microfibril are unequally distribu-
ted between the subpopulations. Cellulose microfibrils occur in successive, 
predominant, orientations with intermediate orientations in between. A correct 
interpretation depends not only on the determination of the predominant orientati-
ons but also on that of intermediate ones. In the graphs this transition is seen as a 
gradual shift in the microfibril orientations. Cylindrical parenchyma cells of P. 
hybrida with an alternating helical texture (Wolters-Arts and Sassen 1991) showed 
similar gradual transitions between the predominant orientations. This was also 
observed in elongating suspension cells of tobacco. Wilms et al. (1990) described 
a similar shift in microfibril orientation in tobacco expiants. In all these cases the 
transitions could be either clockwise or anti-clockwise. The observations could not 
have been due to passive reorientation as only the newly deposited microfrils were 
studied. Nor were they artifacts, as the preparation technique used does not cause 
mechanical alteration of microfibril orientation (Emons 1988). Our micrographs 
were compared with those of rapid frozen and deep-etched meristematic and paren-
chyma cells made by McCann et al. (1990) and Satiat-Jeunemaitre et al. (1992). 
This showed that, as a result of the extraction method, bundle formation of 
microfibrils with more or less the same orientation occurred and microfibrils 
sometimes had a wavy appearance. However the orientions of the microfibrils did 
not change. 
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Fig. 9. Schematic representation of microfibril orientation in primary walls of menstematic and isodiametnc parenchyma cells The difference 
in the predominant orientations is 90* The horizontal juxtaposition shows the change over time (left side, inner surface from left to the 
right side progressively deeper levels), the vertical juxtaposition shows the surface changes Horizontally, the transition from one predominant 
orientation (90*) to the other occurs gradually The density of microfibrils in the transition zone is low and microfibrils are occasionally 
interwoven Thus, a rotational motion similar to that seen in helicoids can be traced (Neville and Levy 1984) The changes in microfibril 
orientation do not occur simultaneously at all siles of the inner wall but follow the same pattern (compare vertical columns) Thus lamellae 
are not formed and layers can only be recognized in predominant orientations 
From these observations we conjecture that cell wall deposition follows a 
fixed pattern that is schematically represented in Fig. 9. The microfibril orientation 
shows rotational motion, resembling that seen in helicoids of secondary cell walls 
(Roland et al. 1987, Vian and Reis 1991). This principle may apply to all walls. 
The directional switch from clockwise to anti-clockwise was observed in some 
cleaved preparations but may also occur in other cell types for which the inner 
surface only was studied. This phenomenon was observed in secondary walls of 
early wood tracheide of Abies sachalinensis (Abe et al. 1991), too. This switch is 
directional only, not the basic rotional motion in the microfibril orientation. 
The first gradual changes between two predominant orientations always 
occurred with a few microfibrils, which are not closely packed. They often showed 
curvatures, indicating continuous deposition from one orientation to another. 
Similar curvature has also been shown in freeze-etching mesocotyl parenchyma 
cells of maize (Mueller and Brown 1982) and in suspension cells of Nicotiana 
tabacum (van Amstel et al. 1989). The presence of interwoven microfibrils 
indicates the simultaneous deposition of different orientations. Furthermore, the 
frequency distributions of the newly deposited microfibrils on the inner wall 
surface gradually increased the density of microfibrils with a certain orientation 
over the surface. 
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As microfibrils are simultaneously deposited in different orientations at a 
single site, as well as over the entire surface, and as the microfibrils are not 
closely packed, lamellae cannot be formed. However, a temporary delay in the 
rotating motion, which would result in deposition in same orientation deposition 
can produce layers, the predominant orientations (Fig. 9). The thickness of a layer 
depends on the duration of the delay. Therefore, the definition of a helicoid may 
have to be adapted, as complete lamellae are not formed in primary walls. By 
introducing time as a variable in the deposition of microfibril orientations, Roland 
et al. (1987) also applied the term helicoid to walls with more than one microfibril 
thick lamella, i.e., destabilized helicoids. Our observations on primary cell walls 
can be related to the helicoidal system by a reduction in the time intervals. This 
leads to the conclusion that microfibril deposition in primary cell walls of higher 
plants occurs with a small but regular and progressive change in orientation, the 
rotational motion, related to that observed in the helicoidal system. 
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CHAPTER 3 
The complex helical texture of 
the secondary cell wall in Urtica dioica 
root hairs is not controlled 
by microtubules: a quantitative analysis 
ANM van Amstel and J Derksen 
Acta Botanica Neerlandica (1993) 42(2): 141-151 
Abstract. A detailed quantitative analysis on the orientation of the cortical microtu­
bule arrays and last layer of cellulose microfibrils deposited in the secondary cell 
wall has been performed on Urtica dioica root hairs. 
It was found that cortical microtubules of individual root hairs show a 
preferential orientation, which ranges in the total root hair population from -20 to 
+20° with respect to the longitudinal cell axis. Immunofluorescence and thin-
section preparations are comparable as long as the individuality of the root hairs 
and the modal distribution of the microtubules in the root hairs are considered. 
The cellulose microfibrils in the secondary wall are organized in two steep 
helices. Quantitatively, the majority of the microfibrils are oriented in an S helix, 
while simultaneously a smaller group is arranged in a Ζ helix. We conclude that 
microtubules do not directly control the orientation of nascent cellulose microfi­
brils in this complex texture. The texture of the secondary wall might be a derivati­
ve form of the complex primary wall texture. 

Introduction 
Microtubules are believed to mediate the orientation of the cellulose microfi-
brils. These two structures often co-align, and there is evidence that changes in the 
orientation of the microtubules are followed by a change in the orientation of the 
cellulose microfibrils (reviewed by Seagull 1991). However, contradictory evidence 
has also been presented (reviewed by Emons et al. (1992). 
The use of co-alignment as a leading argument for the mediating role of 
microtubules requires detailed information on the nascent cell wall texture and the 
corresponding organization of the cytoskeleton i.e., the cortical microtubules 
(Wasteneys and Williamson 1987, Emons 1988, Wilms and Derksen 1988, Seagull 
1992). Recently, using detailed quantitative analysis, Sassen and Wolters-Arts 
(1992) and Wolters-Arts and Sassen (1991, 1992) have shown that the texture of 
primary cell walls can be far more complex than the originally assumed criss-cross 
or random organization. 
A quantitative approach to the problem of demonstrating a relationship 
between microfibrils and microtubules can easily be used on root hairs as they 
exclusively exhibit tip growth. The primary and secondary cell wall are deposited 
simultaneously in the extreme tip and the tubular part of the root hair, respectively. 
Growing root-hairs are therefore also considered to be excellent material on which 
to quantitatively study cell-wall deposition in relation to the cortical microtubule 
organization (Traas et al. 1985, Emons 1986). 
We have chosen Urtica dioica root hairs as they are believed to have a 
simple helical wall texture in the secondary wall (Sassen et al. 1985), while the 
cortical microtubular arrays seem to be diverse in orientation (Traas et al. 1986). 
In the previous studies on root hairs mentioned above, a detailed analysis of the 
texture was not considered to be necessary as these textures seem to show a 
distinct axial, helical or helicoidal organization (Sassen et al. 1981). 
We carried out a detailed quantitative analysis on the orientations of both 
microtubules and microfibrils in Unica root hairs in order to detect subtle differen-
ces in their organization that might aid in elucidizing the presumed interactive 
relationship of these ultrastructures. Furthermore, we believed it would be of 
interest to know to just what extent the quantitative discrepancies that are present 
in developing cotton hairs between the microtubular and microfibrillar organization 
(Seagull 1992) are comparable to the organization of these structures in Urtica 
root hairs. 
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Abbreviations: GA glutaraldehyde, EGTA ethylene glycol bis(2-aminoethyI-
ether)-N,N,N',N'-tetraacetic acid, PFA paraformaldehyde, FITC fluorescein 
isothyocyanate. 
Material and methods 
Plant material 
Root hairs of Urtica dioica were obtained from roots of germinated seeds and from 
adventitious roots formed on stem cuttings. Plants were cultured under greenhouse conditions 
(Sassen et al. 1981). We made sure that only root hairs were used that formed a regular cone at 
a growing root-tip end. The area of a root hair which was used in our analysis was located 
between 10 and 1000 μχη behind the root-hair tip. Both the cell-wall texture and the microtubular 
patterns seem to be homogenous in this region of the root hair. 
Electron microscopy 
In order to visualize the microtubules, root hairs were fixed in 2% glutaraldehyde (GA) in 
a 0.2 M cacodylate buffer (pH=6.8) for 2 h at room temperature. After a succesive fixation in 
2% OsO,,, the preparations were rinsed in buffer, dehydrated in ethanol and finally embedded in 
Spurr's resin (Spurr 1969). Thin sections were made on a Sorvall Porter Blum ultramicrotome 
and stained with uranyl acetate/lead citrate (cf. Emons and Wolters-Arts 1983). The frequency 
distribution of microtubular orientation was determined from micrographs of 79 different root 
hairs. 
While several different techniques were used to study the wall texture, each technique is 
based on wall material extracted with H202/HAc (1:1,v/v). The extraction process took 0.5 -
1.0 h at 80-100°C (Emons and Wolters-Arts 1983, Sassen et al. 1985). The material was then 
excessively washed in deionized water. 
After digestion, the root hairs were embedded in Spurr's resin. Root-hair sections of a 0.2 
μΐη thickness were grid mounted. The resin was removed with sodium-methoxide in metha-
nol-benzene for 2 min and washed successively in methanol-benzene and methanol (Mayor et al. 
1961). The wall material in these preparations turns over on the grid and allows observation of 
the microfibrils after regular shadowcasting (Pluymaekers 1982). 
In another set of experiments, whole roots were adhesively attached to glass slides and 
frozen in liquid nitrogen. The root hairs were then detached from the root using a razor blade, 
extracted as described above, re-frozen and finally carefully ground in glass tubes. Cell-wall 
fragments were mounted on carbon-enforced, Formvar-coated grids and shadowcasted at 45° 
with platinum. 
Extracted root hairs were also dry-cleaved. After dehydration in ethanol, preparations 
were mounted on poly-L-lysine coated grids, critically point-dried, cleaved and shadowcasted 
with platinum and re-enforced with carbon (Sassen et al. 1986). 
The microfibril orientation was analysed from micrographs taken at two final magnifi­
cations of 60 OOOx and 90 OOOx from both liquid nitrogen-crushed and dry-cleaved preparations. 
A pointed trellis was used to randomly select microfibrils (Erickson 1980). The directions of the 
microfibrils coinciding with the point markers on the trellis were determined using a Kontron 
Videoplan with a standard programme (Sassen and Wolters-Arts 1986). The results were plotted 
in frequency distributions using discrete angular intervals. 
38 
Immunofluorescence 
Root hairs were treated as described by Traas et al. (1985). A 20 mM potassium-phosphate 
buffer (pH=6.8) containing 5-10 mM EGTA and 2-5 mM MgS04 was used. Root fragments 
with root hairs still attached were fixed in 4% paraformaldehyde (PFA) in this buffer for 3 to 
4 h. Permeabilization of the cell wall was accomplished by a 10- to 15-min treatment in 5% 
cellulase (Onozuka R-10, Serva, Heidelberg, Germany). The primary antibody was a rat 
monoclonal anti-tubulin (MAS 077, Sera labs); the second antibody, a fluorescein-isothyocyanate 
(FITC) labelled goat anti-rat (Nordic BV, Tilburg, The Netherlands). 
A total of 81 root hairs, originating from 5 cuttings, were examined using a Leitz 
Orthoplan microscope Orthomat combination with the appropriate filters and photographed on 
400 ASA professional film to establish the main orientation of the cortical microtubules in 
individual root hairs. 
Results 
Microtubules 
Emons and Wolters-Arts (1982, 1983) and Traas (1986) have obtained and 
shown large numbers of micrographs of microtubules in thin sections of root hairs. 
Our preparations showed the same. A quantitative evaluation of microtubular 
orientations is provided in the frequency profile of figure la. 
This histogram suggests a more or less axial orientation of the microtubules, 
which does not seem to fit with the predominantly helical configuration of the 
microtubules in immunofluorescence preparations (Fig. lb). As the in toto immu­
nofluorescence preparations show microtubules in an S or a Ζ helix we determined 
only the absolute deviation from the cell's longitudinal axis (Fig. lc). 
The distribution of the orientation of the microtubules is quite diverse over the 
population of root hairs. However, summing the absolute modes (Fig. Id) of the 
orientation of the microtubules in the various root hairs a profile (Fig. le) arises 
that is equivalent to the one found in immunofluorescence preparations. The class 
distribution of modes of the root-hair population thus shows a preferential orientati­
on of microtubules in individual root hairs (Fig. Id). 
Microfibrils 
The cell wall of Urtica is distinctly double layered, as can be seen in 
transverse sections after removal of the resin (Fig. 2a). The difference in the 
organization of the microfibrils in each layer is apparent at higher magnification 
(Fig. 2b). 
The type of organization, or texture, is exceedingly clearer and only 
determinable in liquid nitrogen-crushed (Fig. 2c) or dry-cleaved preparations (Fig. 
2d). The outer primary wall texture is described as being dispersed, as we did not 
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perform an analysis on its organization. The inner, secondary wall layer clearly 
shows microfibrils organized in a helical fashion, yet at regular distances and in 
varying intensities, aberrations on this clear-cut helical configuration can be 
observed (Fig. 2d) 
The quantitative analysis of the cell-wall texture was performed on the 
innermost, last layer of microfibrils deposited of the secondary wall. Various 
parameters were tested that might influence the measurement of microfibril 
orientation. Firstly, the influence of different micrograph magnifications on 
determining microfibril orientation was objectively established from liquid nitro-
gen-crushed cell-wall fragments. If we compare figure 3a (low magnification) with 
figure 3b (high magnification) no drastic profile differences occur. The profile in 
figure 3a is slightly cruder than that in figure 3b, this is caused by a smaller 
suitable sample size and the fact that fewer microfibril orientations can be determi-
ned in micrographs of lower magnifications. The majority of the microfibrillar 
orientations are restricted to the 165°-175° angular interval. Secondly, we determi-
ned the distribution of microfibrils in dry-cleaved preparations in high-magnificati-
on micrographs (Fig. 3c). This profile is almost identical to the one shown in 
figure 3b with the exception that a second peak at 10-15° is more pronounced. 
Further interpretations on the profile of microfibrillar distributions were performed 
on the combined data from (high magnification) liquid nitrogen-crushed and 
dry-cleaved preparations (Fig. 3d). This overall profile is applicable to every 
examined cell wall fragment at any location in the root hair between 10 and 1000 
/im from the root tip. 
Two areas could be designated in the overall profile. The first one covers 
50% to 80% of all microfibrils, which qualitatively is recognizable as the S-helical-
ly organized texture depicted earlier. A second area encloses up to 20% of all the 
microfibrils, yet now arranged in a Z-helix. 
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Fig. 2. Cell-wall texture after hydrogen peroxide/glacial acetic acid extraction of root hairs. Large arrows 
indicate the cell's longitudinal axis, (a) Transverse section (0 2 μτη thick) of a root hair showing total circumfer­
ence of a root hair. The cell wall has overturned after the removal of Spurr's resin. Bar: 5 μτη. (b) Detail from (a) 
Notice the distinct difference in organization of microfibrils between the primary wall (P) and the secondary wall 
(S). Bar: 0-125 μπι. (с) Surface view of the inner cell-wall texture after crushing in liquid nitrogen. Notice the 
difference in microfibril organization between the primary (P) wall, seen from the inside (P,) and outside (P,) of 
the root hair, and the ordered microfibrils in the secondary wall layer (S). Bar: 0 45 μπι. (d) Surface view of 
the inner cell-wall texture after dry cleaving showing undulating cellulose microfibrils. Small arrows indicate 
single or small bundles of microfibrils in opposite direction to the majority of microfibrils. Notice that these 
microfibrils sometimes seem to derive from microfibrils oriented in an S helix (arrowheads). Bar: 0 5 μπι. 
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Fig. 3. Distribution of microfibril orientation in root hairs of Urtica dioica determined from the last deposited 
secondary cell-wall layer. Arrows indicate the cell's longitudinal axis. Angular deviation is given in 5° 
increments. Classes on the x-axis are labelled by the upper boundary of each class. JV= number of root hair 
fragments used; n = number of microfibrils measured, (a) Microfibril orientation in nitrogen-crushed samples 
using low (60 04)0 x) magnification micrographs. N=11, л = 1341. (b) As in Fig. la using high magnification 
(90000 χ ) micrographs. Notice the onset of the small peak at the right sight located shoulder of the main 
microfibril direction (arrow head). N= 30, η = 5493. (с) Microfibril orientation in dry-cleaved samples (micro­
graph magnification 90000x). N=\dt «=4354. (d) Combined data of nitrogen-crushed and dry-cleaved 
samples (micrograph magnification 90 000 χ ). Mean= 164-5°, SD = 28-7, N=A\, π = 9847. The small peak is 
significantly present (P<0001, Sign Test). 
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Discussion 
From the in toto immunofluorescence preparations it is evident that cortical 
microtubular arrays vary from an axial to an helical orientation between root hairs. 
They show an absolute modal angle of 0°-20° with respect to the cell's longitudinal 
axis. As both right- and left-handed helices occur, the in vivo discrete distribution 
of modes ranges from approximately -20° to +20° (see also Traas et al. 1985). 
Variations in the pitch of microtubule helices in single root hairs may result 
from expansion in addition to tip growth, as has been proposed for Urtica and 
Allium by Traas et al. (1985). Lloyd and Wells (1985) accept these pitch variations 
to be consistent with the dynamic helical model (Lloyd 1984). We do not expect a 
drastic change in microtubule orientation merely from using a specific immunofluo-
rescence technique, but due to the relative instability and low fluorescence of a 
single microtubule, the modal distribution of bundled microtubules might be 
slightly overemphasized. 
The variations in and between samples of thin-sectioned material are brought 
about by the small size of the studied fragments and the limited number of 
determinable microtubules (see also Seagull 1985). Furthermore, bends or wavelets 
in individual or bundled microtubules add to the overemphasis of actual variations. 
Serial sectioning, especially of freeze-substituted material, could provide more 
accurate answers if the variations in microtubule orientation are a result of actual 
orientation or are related to the applied method. These techniques, however, are 
difficult to perform on Urtica due to the nature of the material. Nevertheless, our 
results clearly show that there is no discrepancy in average microtubule orientation 
between the pooled results of thin sections and those of immunofluorescent prepa-
rations. However, not only should the individuality of root hairs be taken into 
account, but the modes of microtubule orientation should also be compared. 
From recent work by our group it has become apparent that simple protrac-
tor measurements are not adequate to establish subtle variations in textures. In the 
present article, we have demonstrated that even a difference of 50% in micrograph 
magnification shows important details, i.e. the minor peak at 10°-15° (Fig. 3e). It 
also appeared necessary to use relatively large and serried cell-wall surfaces, as 
shown in the dry-cleaved preparations, to unambiguously detect specific details of 
the texture. The profile of cellulose microfibril distributions ranges from 0° to 
180°. Deviations from a definite orientation are partially caused by the undulating 
nature of the bundled microfibrils due to the extraction method applied (Emons 
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1988); especially in fast-frozen, deep-etched material (McCann et al. 1990, Tamura 
and Senda 1992) undulating microfibrils are hardly observed. 
Relaxation and/or shrinkage of the cell wall after extraction might lead to the 
asymmetric bending of the microfibrils, which could give rise to favoured tangent 
angles. Another contribution to the increase in the distribution of microfibrils is the 
unavoided measurement of microfibrils from layers that are located more to the 
outside of the wall. 
These features will, however, only contribute to a general increase in the 
quantitative variation of the detected profile. An alteration of the profile is not 
considered to have occurred in our investigation. The quantitative presence of the 
peak at 10°-15° (Fig. 3) is qualitatively discernable in micrographs as individual or 
small bundles of microfibrils (Fig. 2c). Furthermore, they are interwoven or lie on 
the bundles of microfibrils that form the major peak at 165°-175°. In some 
instances these individual microfibrils even seem to descend from the main 
direction of microfibrils. 
In summary, the secondary cell wall of Urtica root hairs shows the presence 
of two, oppositely arranged helices of microfibrils. The major S helix is never 
changed into a dominant Ζ helix. An earlier observation describing an helical 
texture in Urtica root hairs can thus be extended (Sassen et al. 1981, 1985). 
The implications of the presence of a left- and right-handed helix of microfi­
brils are yet unclear. If the alleged dispersed orientation of microfibrils in the 
primary wall of Urtica has a similar organization as in other primary cell walls 
(Sassen and Wolters-Arts 1992, Wolters-Arts and Sassen 1991, 1992) the seconda­
ry cell-wall texture might be considered to be a derivative form of the primer 
initial wall. From Urtica root hairs it is known that between the tip and tubular 
areas there is a transition zone present that shows microfibrils arranged axially or 
in a steeper helix. This part of the root hair is very fragile and difficult to gain 
access to. Future research on Urtica root hairs should focus on this region. 
Detailed quantitative analyses are prerequisites to describing the organization 
of both the texture and the cortical microtubule arrays. A quantitative analysis of 
developing cotton hairs was carried out by Seagull (1992). The means and the 
variances of the orientations of the microtubules and the microfibrils were compa­
red using Mests to study the relationship between these structures. The differences 
in the means and the variances were tested per variable among the different fiber 
ages, and between variables at each fiber age. The microtubules and the microfi-
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brils showed similar, but not equal changes in the mean orientations. The variances 
showed significant differences between the variables throughout the age of the 
fibers. 
We have refrained from such an analysis as it can only be applied to 
populations from which the essential properties of the tested variables are known. 
We do not know, for example, if the variables in Urtica are interdependent. 
Moreover, cellulose microfibrils are dispersed over at least two populations. The 
latter observation alone is sufficient reason to reject a Mest analysis. Discrepancies 
in microtubule and microfibril orientations in developing cotton hairs were thought 
permissible by assuming that only a part of the microtubule population is involved 
in orienting microfibrils and that mathematical significance does not necessarily 
imply a biological one. 
The discrepancies between the orientations of microtubules and microfibrils 
in Urtica root hairs are such that we cannot support the idea that microtubules 
directly determine the orientations of the nascent cellulose microfibrils, and thus 
could bring about the complex texture observed. However, the participation of 
microtubules in the establishment of the cell wall as a whole cannot be rejected 
either, as microtubules function in targeting exocytosis (Haigler and Koonce 1992, 
Hogetsu 1991) and determining the site of endocytosis (Kengen & Derksen 1991, 
1992). 
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CHAPTER 4 
The effect of elicitors on cell growth and 
cell shape of tobacco regenerating 
protoplasts 
ANM van Amstel 
submitted 
Abstract. Regenerated tobacco BY-2 protoplasts showed perpetual elongation. 
Cells coated with latex beads showed that elongation occured through nonsymmetri-
cal surface growth. The proton-ATPase stimulator Fusicoccin and the intracellular 
calcium antagonist TMB-8 amplified the initial hormone triggered elongation in this 
cell system. Short pre-incubation of protoplast in high levels of calcium reduced 
elongation and prevented cell swelling. Fusicoccin, TMB-8 and the ionophore 
A23187 drastically promoted cell spiralling. Moreover, TMB-8 caused the typical 
appearance of lemon shaped cells. The results were discussed in relationship with 
the helical spring model of cell growth. 

Introduction 
Morphogenetic processes in plant cells can be regulated through changes in 
the extra- and intracellular calcium concentration (Hepler and Wayne 1985). 
Although the transport and redistribution of intracellular calcium plays an essential 
role in the effectiveness of calcium-regulated events (Evans et al. 1991, Putney at 
al. 1993), the interaction mechanism between calcium stores is still unknown. Cell-
wall synthesis largely depends on the control of calcium metabolism. Both cellulose 
deposition (e.g. Eklund 1991) and callose formation (Kauss 1987) are mediated by 
calcium fluxes. Initial morphogenetic changes can be induced through a rise in the 
cytosolic calcium concentration (e.g. Saunders and Hepler 1983), but hormones are 
required to complete the process. Calcium is also essential for tip growth (Herth et 
al. 1990, Jackson and Heath 1993) and for the establishment of the direction of 
growth (e.g. Malhó et al. 1994). A manipulation of the calcium concentration at 
different cellular levels is, therefore, a prerequisite to analysing the concomitant 
physiological and morphological effects. 
The elongation of regenerated protoplasts of Nicotiana tabacum BY-2 gö, is 
mainly dependent on the presence of the cytokinin benzyladenine. Elevated levels 
of auxins may stimulate cell division and suppress elongation (Hasezawa and Syonö 
1983). One of the objectives of the investigation presented here was to examine the 
role of calcium in the elongation process and in cell shaping using various growth 
effectors. 
High yields of vital protoplasts are obtained by pre-washes in W5 medium 
(Sidorov et al. 1981) that contains 125 mmol CaCl2. The presence of calcium is 
believed to stabilize the plasma membrane (e.g. Kauss 1987). Although high 
calcium concentrations interfere with the integrity of the microtubules, aberrant 
effects on the cytoskeleton have not been observed (e.g. Kengen 1991), and long-
term effects are unknown. Using the chelator EGTA, we were able to remove 
calcium and thus compare the effects of the W5 calcium boost on cell wall 
formation and cell shape with the situation when calcium is absent. 
The fungal phytotoxin fusicoccin stimulates a proton-ATPase and elicits acid-
induced growth (e.g. Ballio 1991). Cell elongation, however, seems to involve the 
removal of wall-bound calcium (e.g. Arif and Newman 1993). Fusicoccin, for 
which specific plant cell receptors are known, also stimulates the formation of 
ethylene (e.g. Chen and Kao 1993). To distinguish the effects of fusicoccin and 
fusicoccin-induced ethylene, ethylene was also applied separately. The intracellular 
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calcium antagonist TMB-8 inhibits cell-wall formation and growth (Brummell et al. 
1989, Eklund and Eliasson 1990) and has marked morphological effects (Saunders 
and Hepler 1983). Likewise, the calcium ionophore A23187 may restore a blocked 
sequence of calcium-induced events (e.g. Takahashi et al. 1992). Moreover, it is 
also able to promote callose synthesis (Waldmann et al. 1988). Gibberellic acid 
enhances cell elongation (Shibaoka 1972), but may also change the direction of 
growth by alternating the orientation of the cellulose microfibril deposition (Takeda 
and Shibaoka 1981). Cell-wall synthesis was also studied by treating protoplasts 
with phthoxazolin, a potent inhibitor of cellulose synthesis (Ömura et al. 1990). 
This drug also effectively inhibits callose synthesis in pollen tubes (van Amstel et 
al. 1994). The effects of the various treatments were classified on the basis of their 
ability to determine the amount and extent of elongation as well as to effect cell 
shape and cell division. 
Material and methods 
Plant material 
Suspension cells of Nicotiana tabacum BY-2 gö were cultured as described by Nagata et 
al. (1981). Protoplasts were prepared from log-phase suspension cells according to Hasezawa and 
Syonö (1983). Briefly, 2 g of cells were incubated in a 10 cc sterile enzyme solution that 
contained 1% (w/v) Cellulase "Onozuka RS (Yakult Pharmaceutical Ind. Co., Ltd, Tokyo, 
Japan) and 0.1% (w/v) Pectolyase Y-23 (Seishin Pharmaceutical Co., Ltd., Tokyo, Japan) in 0.4 
M mannitol at 28°C in a reciprocal shaker (25 rpm) for 1-2 h. The protoplasts were subsequently 
rinsed three times in Fukuda-Murashige-Skoog (FMS) medium (1 min centrifugation at 600-800 
rpm, 100-150 g), collected on 0.4 M sucrose and transferred to FMS medium (contains 1 mmol 
CaCl2), which enhances elongation due to the presence of 1 mg/1 benzyladenine (ca. 0.44 mmol, 
BA) and 0.1 mg/1 a-naphthaleneacetic acid (ca. 0.53 mmol, NAA). Protoplasts were incubated in 
7.5 cc FMS in φ 5 cm petridishes in the dark at 25°C at a density of approximately 106 cells ml. 
Cytology 
a)vitality: During the course of the experiments, the vitality of cells was constantly monitored 
using a 0.0005% fluorescein diacetate (FDA) solution and photographed with 100 ISO positive 
film. b)cell division: To identify the phases of mitosis, cells were stained with a lacto-propionic 
orcein solution according to Dyer (1963). Aliquots of elongated cells were blotted dry on a glass 
slide and mixed with a drop of the staining solution. A cover slip was placed over the cells, 
which were then carefully heated in an ethanol flame and gently squashed using folded tissue 
paper. Chromosomes show a deep-red staining. c)amyloplasts: The distribution of amyloplasts in 
elongating cells was determined using a 1% iodine-potassium iodide (IKI) solution at a final 
concentration of 0.05%. d)growth determination: To determine the type of growth, 3- to 5- day 
old elongated protoplasts were coated with latex beads (mean diameter 2.17 μηι, polychromatic 
fluoresbrite beads, Polyscience Inc., Warrington, USA). The beads were diluted in FMS medium 
and gamma sterilized for 30 min (Enraf, OEG-60 X-ray tube, dose 100 krad/min, cap. 50 kV/32 
mA, d=4.5 cm). 
Elongated protoplasts were blotted dry on sterilized filter paper, using a 30-μπι nylon 
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mesh as carrier, incubated for 3 min in a bead solution and then blotted once again. After 1 min, 
the cells were carefully rinsed to remove excess beads. Coated cells were transferred to FMS 
medium in specially designed perfusion chambers. Before incubation at 25°C in the dark, 
position-fixed cells were photographed on AGFAPAN 100 ASA negative film using a Leitz 
Orthoplan microscope Orthomat combination. At appropriate times cells were repeatedly photo­
graphed to monitor bead displacement along the cell surface. e)polarization microscopy: 
Information on the texture of the cells was obtained using a Leitz HM-POL polarization 
microscope. Elongated protoplasts were rinsed with distilled water, extracted three times, ih each 
time in simmering ethanolamine and extensively washed with distilled water. To obtain single 
walls, extracted cells were pottered 5 min on ice. 
Elicitors 
The various elicitors were dissolved in appropriate media and administered at various concentra­
tions: Fusicoccin (FC, a diterpene glycoside), agonist of the plasma membrane H+/ATPase, 50 
μΜ in ethanol (Sigma Chem. Co.); TMB-8 ([8-(diethylamino)-octyl-3,4,5-trimethoxybenzoate], 
HCl), intracellular calcium antagonist, 200 μΜ in methanol/water (Calbiochem); A23187 
(antibiotic), calcium ionophore, 25 μΜ in DMSO (Calbiochem); Gibberellic acid (GA3), 
elongation enhancer, 0.1 μΜ in water (Sigma Chem. Co.); Ethylene, elongation and senescence 
enhancer, gaseous state administered at atmospheric concentration of 10 ppm for 10, 30, 60 min. 
(Hoekloos, The Netherlands); EGTA ([emyleneglycol-¿Jií-(fl-aminoethyl)-N,N,N',N'-tetraace-
toxymethyl ester]), calcium chelator, 1.0 mmol (Calbiochem); W5-medium (see Sidorov et al. 
1981), prior to collection on sucrose, protoplasts were rinsed in this medium, which contains 125 
mmol CaCl2, 154 mmol NaCl, 5 mmol KCl and 5 mmol glucose; Phthoxazolin (PX), a cellulose 
inhibitor, 20 nM, kind gift of Prof. Dr. S Omura, Japan. The drugs were added before the 
protoplasts were dispersed in the medium. Cells were incubated for 5 weeks and regularly 
inspected. 
The effect of the different treatments was semi-qualitatively and quantitatively recorded. 
Primarily, a distinction was made in the amount and extent of elongation. Furthermore, an 
arbitrary specification was made of particular features with respect to shape (see figure 2): 
sometimes cells swell to double, or more their original protoplast diameter, and are designated as 
"fat", f; helical twisting of cells is designated as "torsion", t; swollen cells with an initial 
"lemon" shape, 1; cells forming "branches", b and finally the amount of cross walls was used as 
an indication of the number of cell divisions, d. 
Results 
Cytology 
Regenerating tobacco protoplasts were observed to readily elongate in FMS 
medium (Fig. la). Approximately 85% (Table 1) of the cells elongated, showing a 
mean length of 635 μπι after two weeks of incubation (SE, 37). However, cells 
continued to elongate for 4-5 weeks. Eventually, they may occupy the total volume 
of the medium as a dense suspension. If the medium is not replaced or diluted with 
fresh medium and the cells are not reinoculated at a lower density cells will 
ultimately degenerate (not shown). Besides elongation, some cell divisions (1-5%) 
occured. The actual division as represented by the anaphase in figure lc was 
seldom observed, and the division rate was therefore determined from the number 
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of cross walls present. 
Cells remained vital for at least four weeks as was determined from FDA fluores­
cence (Fig.lb). Both the plasma membrane as well as the membranes of, presuma­
bly, the plastids showed intense fluorescence. The amyloplastid nature was 
confirmed using IKI (Fig. lc). Amyloplasts concentrated around the nucleus, which 
was also observed on thin sections in the electron microscope (not shown). During 
incubation the size of these amylopasts seemed to decrease. 
There was no displacement of latex beads in the apices of the elongating 
cells (Fig. le-lf). Beads located at the lateral walls showed non-symmetric 
displacement compared to those located at the sides of the cell (Fig. le,le'). 
Elongating cells were often bent and contained a slightly off-centre nucleus, which 
was located peripherally at the convex side of the cell. The elongation of the cells 
was nonuniform. In the cell shown in figure lf-lf there was no displacement of 
beads in the lower distal region. 
Extracted cell walls of cells of various shapes (swollen, torsion or straight) 
showed positive birefringence of single-wall fragments. The mean angle of 
cellulose microfibrils orientation was 40.5° (SE 2.5, η=88) from the longitudinal 
cell axis. When a gypsum platelet red I.O. was used, the cell walls show the Blue 
П.О addition colour in the positive quadrants, which is indicative of a texture 
parallel with the longitudinal cell axis and a wall thickness between 575 and 750 
nm (Czaja 1974, Roelofsen 1959). 
Elicitors 
It is necessary to dissolve some drugs non-aqueous stock solutions. The 
addition of 2.5% DMSO to a control incubation resulted in a significant 7% 
decrease in the mean length of elongating cells after two weeks (mean=588, SE = 
25). However, if FC was added simultaneously, there was no significant differen­
ce. As well, no significant differences were observed upon the addition of metha­
nol or ethanol (ca. 7.5%, results not shown). Gaseous-administered ethylene 
showed variable effects, ranging from no effect to increased cell death, and was 
therefore discarded from further interpretation. The addition of 1.0 mmol EGTA, 
which should chelate the total amount of Ca2+ in the normal FMS medium, caused 
100% mortality. A similar effect could be seen using phthoxazolin at an extreme 
low concentration of 20 nM. Table 1 shows the semi-quantitative and qualitative 
effects of the drugs used on the out-growth of regenerating protoplasts. The con 
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Figure 1. Cytological features of elongated tobacco BY-2 cells, a: elongated cells two weeks after incubation in 
FMS medium. Bar:500/xm, b: FDA stain of similar cells as in fig. a showing fluoresence of the plasma membrane 
and plastid membranes. Bar: ΙΟΟμηι, с: squash preparation of elongated cells stained with a lacto-propionic orcein 
solution showing a late anaphase, Bar: lOO/mi, d: staining of cells with HCl, identifying amyloplasts predominantly 
around the nucleus. Bar:50/im, e-e': elongated cell coated with latex beads. Compare the displacement of beads 
between e and e' after 16 h of incubation. Ваг:50/хт, f-f : similar as e-e'. Ваг:50/лп. Notice that no displacement 
occurs in the apices, but is restricted to the lateral walls. Notice the torsion in f. 
centrations used were derived from preliminary experiments. In all of the treat­
ments the amount of cell death was approximately 5%, which mainly occured in 
the first week of incubation. The various experiments were combined to show the 
trend effects of the elicitors and was not an exact statistical analysis. Percentages 
result from combining observations made on 5 different experiments obtained after 
two, three (2x) and four (2x) weeks of incubation. The variations found are, 
therefore, a combination of the effect of time and biological differences between 
experiments. 
In the control situation approximately 85% of the cells elongated. Almost a 
fifth increased in size (swell) before elongation. The control cells showed a low 
number of cell divisions, branching, torsion and lemon-shaped cells. Incubation 
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with the various drugs showed that only the addition of FC elicited a higher 
percentage of elongated cells (90%). However when the extent of elongation is 
taken into consideration, a distinction can be made between the effects of the 
various drugs. The addition of FC and TMB-8 resulted in relatively higher 
percentages of elongated cells in the more than five-fold elongation class. An exact 
determination of length was carried out for FC. The effect of FC was relatively 
instantaneous: a significant increase in mean length of 15% after three days, and 
also two weeks, mean length increased by a factor of 2.75 (mean=1741 μπι, SE = 
Table 1. The effect of elicitors on cell growth 
and cell shape. Freshly isolated protoplasts were 
incubated in FMS medium at a density of 106 
cells/ml after drugs were added to the medium 
C = Control, FC = Fusicoccine [50 μΜ], 
T8=TMB-8 [200 μΜ], GA=Gibberellic acid 
[0.1 μΜ], W5=washing protoplast in 125 mmol 
CaCl2 prior to incubation; A23=A23187, calci­
um lonophoor (25μΜ]. After two, three and four 
weeks the effect on growth and shape was deter­
mined on ca. 1000 cells. The average over these 
weeks (5 separate experiments) was derived from 
was ca. 4,000-5,000 cells per cell. Total number 
of monitored cells app. 65,000. Mean in dark-
printed numbers, standard error of the mean in 
the small printed numbers. Symbols: s, sphere-
shaped; < length shorter than 5x diameter; > length longer than 5x diameter; f, swollen cells 1-2 times original 
diameter or more; t, cell torsion; 1, "lemon-shaped"; b, branching; d, cell divisions determined from the number of 
cross walls. 
71). Conversely, treatment with W5 or incubation in the ionophore A23187 
resulted a reduction in this class percentage. Incubation with GA showed no 
apparent differences with the control. 
The presence of swollen cells seemed to be reduced in FC or W5 treatments 
and was relatively higher in TMB-8 treated cells. A marked effect could be seen 
on cell torsion in FC-treated cells. Almost 50% of the cells showed distinct helical 
winding. Similar, but quantitatively lower effects were found with incubations in 
TMB-8 or A23187. Torsion seemed to be reduced in GA treatments. The presence 
of lemon-shaped cells was markedly increased in TMB-8 and FC treatments and 
was just slightly higher in the other treatments. Branching and an increase in the 
number of cell divisions was visible in the FC treatment, whereas the TMB-8 
treatment showed a relatively high increase in the latter. 
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Morphology 
The phenomenon of initial lemon-shaped cells was accompanied by a prior 
increase in cell diameter. Figures 2a-2d shows a constructed sequence of lemon-
shaping. From the very beginning, this cell type had a symmetrical torque with 
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Figure 2. Morphology of elongated cells influenced by elicitors. a-c: sequence of lemon-shaped cells induced by 
TMB-8. Notice the swelling and symmetrical development of torsion. Notice the polar outgrowths. Bar:75/tm, d: 
several types of lemon-shaped cells. Notice that polar outgrowth is not necessarily symmetrical. Bar:500/im. e-p: the 
effect of fusicoccin on cell shape, e and f: initial formation of low- and high pitch torque in young elongating cells. 
Bar:50^m, g-h: later stages of spiral development. Bar:100/un, j : torsion of a cell with an high pitch. Notice the 
reversal of spiralling. Bar: 100/ші, к: elongated cell, partially spiralling at the tapered end. Bar:200^m, 1: torsion and 
reversal of growth with clear symmetry. Bar:200/im, m: cell in maximal torque, and variable pitch. Bar:200/¿m, η: 
torsion with a 360° turn. Bar:200^m, o: transition of low- to high-pitch torsion. Bar:200fim, p: branching of a cell 
without division. Bar:100^m. 
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slightly bulging poles (Fig. 2a). Gradually, the poles elongated (Fig. 2b-2c). Figure 
2d shows various stages of elongated, lemon-shaped cells. Elongation was not 
necessarily symmetrical, nor was torsion always discernible. 
Cell torsion is characterized by various features (Fig. 2e-2o). In the early 
stages the pitch of the helix may be steep (Fig. 2e) or very low (Fig. 2f)· Later on, 
this may result in smooth helical winding (Fig. 2g) or variable tight helices (Fig. 
2h-2i). Within one cell, the sign of the helical winding may change (Fig. 2j). Also, 
parts of the cell can be straight with partial spiralling (Fig. 2k). However, most 
cells showed symmetrical shaping (Fig. 21). Some cells were compressed as springs 
(Fig. 2m), others took a 360° turn and spiralled around the previous part (Fig. 2n). 
Not only can the sign of the helix change within a cell, but also the pitch can 
change (Fig. 2o). 
Cell branching occured as outgrowths without actual cell division taking 
place (fig. 2p). Normally, these branches have the same diameter as the "parent" 
cell. The nucleus in this cell type is always located in the parent cell, opposite or 
beside the branch. It was observed that, particularly in TMB-8 treatments, the 
nucleus first moved into the branch, after which cell division seemed to occur. 
Discussion 
The results presented here on the extent of elongation of tobacco-regenerated 
protoplasts are fully comparable with those obtained by Hasezawa and Syonö 
(1983). Cells, however, stay vital, and elongation may be perpetual as long as the 
medium is refreshed. Elongation may partially depend on starch turnover as the 
amyloplasts gradually decrease in size. The results obtained from coating elonga-
ting cells with latex beads provide the first in vivo evidence that these cells extend 
by surface growth. Tip growth could not be confirmed. Cells also clearly showed 
bending. This might indicate an unevenly distributed wall synthesis or wall 
relaxation. 
Pre-washing protoplasts in W5 medium seemed to reduce swelling, elonga-
tion and the extend of elongation. In primary walls, high calcium levels may 
prevent cell extension (Baydoun and Brett 1984, Virk and Cleland 1988). Proto-
plasts, however, showed that a G-protein is involved and that there is phytochro-
me-sensitive swelling in the presence of calcium, depending on the cytosolic 
calcium level (Bossen et al. 1990). Why a pre-boost of calcium inhibits swelling 
and elongation, though cells are subsequently incubated in a medium with normal 
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calcium levels, is not understood. Fusicoccin also markedly reduced cell swelling. 
When the cytosolic calcium level was raised, using the ionophoor A23187, there 
was neither an increase nor a reduction of cell swelling. Conversely, the calcium 
antagonist TMB-8 increased the number of swollen cells. Therefore, the swelling 
of cells is presumably induced by a temporal lowering of the cytosolic calcium 
concentration. This conclusion contradicts the findings of Brummell et al. (1989), 
who demonstrated a significant reduced wall synthesis in abraded pea stem 
segments. The mechanism in pea may nevertheless be differently regulated as 
segment growth is auxin stimulated (Kutschera 1994). 
Removal of extracellular calcium by means of the chelating agent EGTA, 
destroyed the protoplasts completely. Absence of extracellular calcium may result 
in a depolarization of cells (Mina and Goldsworthy 1991). The dedifferentiation of 
cells, however, seems to depend more on a lowered pH (Kyo 1990). Yet, higher 
EGTA concentrations caused cell aggregation and reduced vitality. The depletion 
of extracellular calcium might disturb the rapid cell-wall synthesis of tobacco 
protoplasts (van Amstel and Kengen 1994) and disrupt the dynamic calcium 
balance, thereby evoking cell death. Although protoplasts survive a wall-less 
condition for several days, a direct inhibition of the cellulose and callose synthesis 
using extremely low concentrations of phthoxazolin causes cell deterioration. The 
inhibition of cellulose crystallization through Congo Red is not deleterious for 
protoplasts (Kengen, personal communication), nor is the inhibition of polymeriza-
tion by 2,6-dichlorobenzonitril (e.g. Shedletzy et al. 1992). This might indicate a 
feedback system between wall synthesis and calcium regulation, and as such raises 
the question of just what is the point of impact for the activity of phthoxazolin. 
This paper reports the first positive effect on cell elongation by fusicoccin in 
a single-cell system. Its effect on initiating elongation and on the extent of elongati-
on is instantaneous and drastic. The initiating effect on elongation might be based 
on the presence of BA, as is branching in Fuñaría (Saunders and Hepler 1983). 
The amplifying effect of FC on elongation is probably a result of presumed proton 
extrusion into the wall through a proton-ATPase (Rayle and Cleland 1992, 
Kutschera 1994), but as TMB-8 also promotes elongation, the lowering of the 
cytosolic calcium level is a possibility. However, it also seems to be related to a 
rapid export of calcium. The calcium-extrusion effect of fusicoccin (Arif and 
Newman 1993) may thereby reduce cell swelling. Recently, a new class of wall-
extension-related proteins, expansins (Cosgrove 1993, Taiz 1994), was demonstra-
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ted. Fusicoccin also induces a change in translatable RNAs within a few hours 
(Scott 1992), which might involve expansins and thereby explain the long-term 
effects of fusicoccin, although not the short-term effects as the action of fusicoccin 
evolves in minutes (Arif and Newmann 1993). 
Fusicoccin stimulates the production of ethylene in rice leaves (Chen and 
Kao 1993), and protoplasts may themselves produce ethylene (e.g. Pilet et al. 
1982). Unfortunately, the inconsistent results that we obtained with the ethylene 
incubations made it impossible to distinguish the possible or individual effect of 
ethylene exposure on protoplast elongation. 
GA appears to be a minimal requirement for cell expansion in tobacco cells. 
However, it does seem to surpress cell division, branching and torsion. GA most 
likely emphasizes the polarity of cells (Baluska et al. 1993). TMB-8 seems to alter 
or disturb polarization more effectively as a large number of lemon-shaped cells 
were produced as well as a marked increase was observed in the number of cell 
divisions (FC shows equal but quantitatively lower effects). Especially the displace-
ment of the nucleus points to a change in polarization. So far, only a disturbing 
effect on cell plate formation has been observed (Saunders and Jones 1988), while 
in Fuñaría similar concentrations inhibit nuclear migration (Saunders and Hepler 
1983). This reverse effect might be related to the fact that elongation occurs only 
with a certain optimal hormone balance between NAA and BA and not in the 
presence of NAA alone, indicating a different reaction mechanism. 
Morphology 
The most striking morphological effects of the various drugs were the increasing 
number of lemon-shaped cells in the presence of FC and TMB-8 respectively, and 
the drastic increase in the number of spiral cells in the presence of A23187, TMB-
8 and, especially, FC. Often, both qualities were combined. The lemon shape 
indicates that, although not tested, a temporal change occurs from surface-to-tip 
growth followed by a reversal, as otherwise it is difficult to explain how polar 
extensions can form. Moreover, the surface growth in the tubular extensions differs 
from one end of the cell to the other as clear difference in length occurs which 
does not seem to be in accordance with the normal concept of equally distributed 
surface growth (e.g. Wardrop 1957). 
The occurrence of spiral shapes in cell suspensions or in regenerating proto-
plasts is not uncommon, although their presence is interpreted as being aberrant 
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[Daucus, cover Nature 279(5710) 1979]. Spiral growth has been studied in 
sporangiophores of Phycornyces (e.g. Roelofsen 1950), Nitella axillaris (e.g. Green 
1954), the green algae Cladophora and Chaetomorpha (Frei and Preston 1961), 
Nitella opaca (Probine 1963), various bluegreen algae (Pearson and Kingsbury 
1966), cell suspensions of Phaseolus (Liau and Boll, 1970), the fern Pteris (Kato 
1968, 1969) and the fungi Saprolegnia and Achlya (Kaminskyj and Heath 1992). 
Isolated fern cells in particular (Kato 1968) show a variation in spiralling cells 
similar to that found in tobacco protoplasts. 
The phenomenon of spiral growth and its origin have been addressed 
extensively (e.g. Probine 1963). The twisting of a cell around its axis depends on 
the orientation of CMF and its interaction with the matrix material. For cell torsion 
to occur, CMF must be helically deposited. As such, the wall may behave as a 
collection of differently wound helical springs. The helical spring model (see also 
Boyd 1985) predicts a rotation of the cell's free end as it naturally retracts under 
pressure (e.g. Roelofsen 1950). Thirteen different, independent non-zero elastic 
moduli have been theoretically postulated (Probine 1963). Assuming elastic 
symmetry, a coupling with shear and extension can result in a torsional twist of 
pressurized cells. Choosing certain values for the different moduli may change the 
sign of torsion without actually changing CMF orientation. The helical spring 
model might also be the basis for thigmonastic reactions in plant cells (e.g. Hasen-
stein et al. 1993) and even the commonly occurring rotational growth or curvature 
of other plant organs (e.g. Takahashi 1992) and complete plants. 
Polarization microscopy of elongated tobacco cells initially showed that there 
are no differences between variously shaped cells. However, detailed ultrastructural 
analysis is required to confirm these preliminary results. Recently, it has been 
shown that primary walls, including those of tobacco elongated cells, have a 
helicoidal-like texture (Wolters-Arts et al. 1992). In fact, helicoids represent an 
accumulation or collection of differently oriented helical windings of CMF and are 
therefore compatible within the proposed helical spring model. The effects of FC, 
A23187 and TMB-8 might influence, on different levels, various elastic moduli, 
changing the shear and extension properties of the cell wall, thus leading to an 
expressed torsion. The torsion of cells also occurs in the control situation and is 
known to occur in most cell suspensions. As torsion is inducible, what factor is 
responsible in seemingly uninduced situations? During the enzymatic process of 
protoplasts different oligosaccharides may be formed. It cannot be excluded that 
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these not are washed out during the isolation of the protoplasts. Such oligosacchari­
des might also be excreted during the regeneration process of these cells. These 
oligosaccharides are probably responsible for the various shapes of cells (Albers-
heim et al. 1994) found in control situations as they can counteract the growth-
promoting effect of protons in pea stem segments (Lorences et al. 1990), FC 
stimulated elongation in pumpkin cotyledons (Pavlova et al. 1992) and GA induced 
elongation in pea epicotyls (Warneck and Seitz 1993). 
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CHAPTER 5 
The ontogeny of the pollen tube wall 
ANM van Amstel, В knuiman and J Derksen 
submitted 
Abstract. The construction of the cell wall of pollen tubes of tobacco, lily and 
petunia was studied using various microscopical techniques. Cryo-fixation revealed 
that dictyosomes have a distinct morphology, which includes a specific pre-
vesicular cluster resembling a trans-Golgi network (TGN). Pollen tubes form only 
one type of secretory vesicle (SV) as variations in staining behaviour of vesicles 
proved to be an artifact. Moreover, specific staining provided the first evidence 
that the vegetative cell is responsible for wall formation around the generative cell. 
Vesicles fuse in a restricted, lenticular-shaped area of the pollen tube apex. 
In the extreme pollen tube tip the initial pectic and cellulosic wall layers separate, 
presumably a result of phase shifting. The pectic layer of the primary wall may 
readily dissove, especially in the tubular parts. Its presence in the tube tip might be 
necessary for maintaining tip shape. This layer may be involved in signal tranducti-
on as well. The cellulosic layer contains 5-7 strata of cellulose microfibrils (CMF). 
The texture in the apex and tube are similar, indicating that no reorientation of 
CMF occurs. The secondary wall, or callosic layer is formed directly behind the 
tip and mainly consists of callose, which, however, embeds an oriented framework 
of cellulose. It is assumed that terminal complexes, which initially produce CMF in 
the tip, are not retrieved but switch to callose formation in the tubular part, which 
would explain its increasing thickness and the presence of cellulose in the callosic 
layer towards the tube base. 
Callose plugs are initiated and formed at distinct sites in the tube as a result 
of locally intensified callose formation. The plugs will only mature if a surplus of 
redundant SV is present. These SV act as individual wall formation units within the 
tube and will merge at these sites, thereby contributing to plug formation. Callose 
formation is essential during pollen germination but is not required for pollen tube 
growth. The callosic layer seems to be involved in maintaining a proper osmotic 
environment and as a regulatory element in nutrient or signal transport. 

Introduction 
The ultrastructure of the pollen tube wall has been the subject of numerous 
studies (reviews Rosen 1968, Heslop-Harrison 1987, Steer and Steer 1989, Cresti 
and Tiezzi 1990). However, some persistent contradictions exist concerning the 
presence of cellulose microfibrils and subsequently a texture in the cell wall of the 
pollen tube apex. Moreover, there are tenacious discrepancies concerning the 
definition of the various wall layers and the ontogeny of the wall through vesicle 
fusion (see for discussion Heslop-Harrison, 1987), and major disparities exist on 
the role of callose in pollen tube growth. 
Wall formation has been supposed to occur by pinching-off of secretory 
vesicles from the dictyosomes, which that subsequently are incorporated at the 
secretion site, i.e. the tube apex (e.g. Morré 1990). Investigations on isolated 
Golgi vesicles have provided some information on different components like 
cellulose (Engels 1974a 1974b, Helsper et al. 1977), callose and mixed ß-(l->3),ß-
(l-*4) glucans (Gibeaut and Carpita 1993). Evidence for the production of pectins 
has been derived from the digestion of vesicle contents in thin sections (Dashek 
and Rosen 1966) and arabinans were identified using immunolabelling (Anderson et 
al. 1987). The presence of xyloglucan and rhamnogalacturonan was claimed by 
Moore et al. (1986), but the presence of cellulose and its texture, especially in the 
apex, are disputed (see for discussion Steer and Steer 1989). The confusion on the 
cellulose constitution results from an early observation of a thinner, less dense wall 
structure in the tip (Miihlethaler and Linskens, 1965) and other studies showing 
discernable differences between the apex and tube wall (Sassen 1964, Dashek 
1966). 
At the present time, the role of matrix components with respect to an 
understanding of wall construction and function is progressively increasing (e.g. 
Carpita and Gibeaut 1993, Bolwell, 1993, Showalter 1993). Recently, Li et al. 
(1992) showed a surprisingly regular spatial and temporal periodicity in the 
deposition of arabinogalactans, presumably located in the so called callosic part of 
the primary wall. Moreover, similar depositions were found for unesterified pectins 
in solid-style species and a capping of the tube tip with esterified pectins (Li et al. 
1993). Undoubtedly, the spatial interaction of matrix components in the various 
pollen tube wall layers, i.e. the pectic, cellulosic and callosic layer (Heslop-
Harrison 1987), might explain the differences and similarities in the pollen tube 
wall structure of different species. Furthermore, it might clarify the exact role of 
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the three major wall layers. The present study focusses on the ontogeny of the wall 
in the apex and the presence and texture of cellulose as well as the deposition of 
callose in the apex and tube of Nicotiana, Lilium and Petunia. 
Materials and methods 
Plant material 
Plants of Nicotiana tabacum L. cv. Samsun (clone 5) were grown under greenhouse 
conditions. Flowers were collected a day before, or at, anthesis. The anthers were detached from 
the filaments and dried at room temperature. The pollen was brushed through a 0.5 mm metal 
sieve and stored in glass vials at -20°C. Pollen of Petunia hybrida clone W166K and of Lilium 
longiflorum cv. Arai no. 5 (field plants) were similarly collected and stored. 
Pollen was germinated in 25 ml erlenmeyers containing 10 mg pollen per 2 ml medium 
(10% or 12% sucrose and 0.01% Boric acid) and shaken (40 rpm) at 27°- 28°C. For freeze 
substitution pollen of tobacco or lily was germinated in petri dishes (5 cm φ) on medium 
containing 3% agar. Pollen were sown on 3 mm punches of dialysis tubing (Serva, Heidelberg, 
FRG) previously boiled in destilled water and washed in medium. Petri dishes were placed in a 
moist chamber inside an incubator maintained at 28 CC. 
Fixation for electron microscopy 
After 2 h of incubation, pollen grains that had germinated on the punches were fast frozen 
at -170°C in liquid propane (Lancelle et al. 1985, Derksen et al. 1994) and transferred into 
liquid nitrogen. The specimens were subsequently placed in a CS Cryo Substitution Apparatus 
(Reichert-Jung, Vienna, Austria) pre-cooled at -80°C. Substitution took place at -80°C over 36 h 
in acetone or methanol supplemented with 1% osmiumtetroxide (Os04) and 0.1% uranyl acetate. 
Samples were also substituted in methanol and 0.1% uranyl acetate without Os04. Substitution 
was followed by a warming-up stage to room temperature with a 4°C per hour increment. The 
fixed material was carefully washed in acetone and flat embedded in Spurr's resin on Sylon CT 
(Supelco Inc., Belieferte Pa., USA)-coated glass slides. Ultrathin sections were made on a Sorval 
MT-2 ultramicrotome (Sorval Inc., Norwalk, USA) and collected on formvar coated grids. The 
sections were stained with lead citrate (Reynolds 1963) for 3 min and examined in a JEOL 
electron microscope (100CX II, JEOL Ltd., Tokyo, Japan). Sections substituted in methanol and 
uranyl acetate were post-stained in the vapour of a phosphate-buffered (100 mM) 1% Os04 
solution for 1-2 min and then stained with lead citrate. Methanol, as a substitution medium, has 
the advantage of having a higher water saturability relative to acetone and decreases undesirable 
side effects of the dissolution of lipid components. Omitting osmium fixation during substitution 
allows preservation of immunological epitopes and binding sites for the different stains. 
Germinated pollen was also chemically fixed. Pollen tubes of tobacco were fixed in 1% 
glutaraldehyde (GA) in a 20 mM phosphate buffer (pH=6.8) for 1 h, washed three times in 
buffer and flat embedded in Spurr's resin. Both lily and and petunia pollen tubes were fixed in 
1% G A in a 20 mM phosphate buffer (pH=6.8) with 1% Os04 for 1 h, washed three times in 
buffer and flat embedded in Spurr's resin. Lily pollen tubes were also fixed in 3% KMn04 and 
embedded in Spurr's resin. 
PTA-staining 
Ultrathin sections of freeze fixed and chemically fixed tobacco pollen tubes were stained 
with phosphotungstic acid (PTA). The population of vesicles originating from the Golgi body and 
targetting of the vesicle contents could thus be studied. 
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Chemically fixed pollen tubes were pre-stained with 3% PTA in absolute ethanol for 5 
min prior to embedding in Spurr's resin Sections were either post-stained with 1 % Os04 m H 20 
for 1 h, rinsed and contrasted using uranyl acetate and lead citrate or the sections were treated 
with 3% PTA in H20 (pH=5 0) for 5 mm and washed with destilled water Thin sections, both 
those contrasted with lead citrate and those not, from freeze fixed pollen tubes were either 
treated with 3% PTA m H20 acidified with IN HCl to pH=3 0 or with 1% PTA in 10% 
chromic acid (Cr03, pH=0 3) The specimens were incubated for 5 mm and washed in distilled 
water The various fixation and staining procedures are listed in Table 1 
Table 1. Fixation and staining procedures (see text for explanation) 
procedure 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
fixation 
cryo 
cryo 
cryo 
cryo 
cryo 
cryo 
1% GA 
1% GA 
1% GA 
3% KMNO, 
1 % GA + 1 % Os04 
freeze substitution 
acetone, 1 % OsO„, 0 1 % UrAc 
methanol, 0 1 % UrAc 
methanol, 0 1 % UrAc 
methanol, 0 1 % UrAc 
methanol, 1% Os0 4 
methanol, 1 % Os0 4 
post staining 
PbCur 
PbCitr 
Osmium vapour/PbCitr 
Osmium vapour/PbCitr 
3% PTA/HCl 
1% PTA/CrO, 
3% PTA(EtOH H20) 
3% PTA/EtOH, UrAc, PbCitr 
3% PTA/EtOH OsO«, UrAc PbCitr 
-
PbCitr 
Cell wall texture 
Pollen tubes of Nicotiana were extensively extracted in HAc/H202 (1 Ι,ν/ν) three times at 
90°C and washed in water Ahquots of suspended pollen tubes were then placed on Formvar, 
coal enforced copper grids and air dried Pollen tubes collapse on the grid, thereby allowing the 
outside wall to be examined (Emons 1988) Pollen tubes were also extracted with pure ethanol-
amme, two times at 90° С for 4 h and washed in water Extracted pollen tubes were mounted on 
poly-L-lysine-coated Formvar-coated grids, dehydrated in an ethanol series, critically point-dried 
and cleaved with adhesive Scotch tape Cleaving the pollen tubes provides inside wall fragments 
as well as fractures through the tube wall (Sassen et al 1985) Pollen tubes of Petunia were 
extracted for 3 days in pure ethanol-amine at 70°C and washed with water Ahquots of 
suspended pollen tubes were dried on grids All the preparations were shadowcasted with 
platinum at an 45° angle and re-enforced with coal and than examined m a JEOL 100CX-II 
transmission electron microscope (JEOL, Tokyo, Japan) 
The microfibril orientation was analysed from micrographs taken at a final magnification 
of 50 OOOx at various distances from the tip of the pollen tubes A pointed trellis was used to 
randomly select microfibrils The directions of the microfibrils coinciding with the point markers 
on the trellis were determined using a Kontron Videoplan with a standard programme (Sassen 
and Wolters-Arts 1986) The results were plotted in frequency distributions using discrete 
angular intervals An additional selection on the microfibrils was made by measuring those 
microfibrils that are not overcrossed over a distance of 1 cm from the trellis marker This 
enables microfibrils located on the surface to be distinguished from those found deeper in the cell 
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wall (Wolter-Arts and Sassen 1991, Wolters-Arts et al. 1993). 
Autoradiography 
The proximal part of the pollen tube thickens in time through the deposition of the so-
called callosic layer. Inclusions in this callosic layer (Kroh and Knuiman, 1982) may contain 
cellulose. Pollen tubes of tobacco were labelled with 3H-UDPG (14.9 Ci/mmol) to study this 
presumed deposition of cellulose in this layer. A l-/iCi label was applied 1.5 h after incubating 
the pollen to ensure that the pollen tubes were of similar length. Dependent on the growth 
conditions, especially temperature and aeration, 80% of the pollen germinated and tubes reached 
an average length of circa 175 μηι. 
Incorporation of 3H-UDPG was determined in two ways. Firstly, general uptake was 
determined by analysing 200-μ1 aliquots of suspended pollen tubes. The samples were taken 
every 20 min up to 240 min after addition of the label, and were frozen in liquid nitrogen. An 
equal volume of 7% TCA in 70% ethanol was added. After 1 h on ice, the samples were rinsed 
(three times) with 3.5% TCA in 30% ethanol and washed with 50% ethanol (two times). The 
material was homogenized at 60°C in IN NaOH in 50% ethanol. Activity was determined in a 
Pharmacia Wallac-1410 liquid scintillation counter. To determine incorporation in the cellulose 
frame, a 1400-μ1 suspension was frozen in liquid nitrogen to stop incorporation and washed five-
times in 50% ethanol. Subsequently, two 1-h extractions of non-cellulose components occurred in 
H202/HAc (l:l/v,v) at 90CC. The samples were extensively washed with distilled water and the 
remaining activity was determined. Similar samples were used in autoradiography. Aliquots of 
cleaned pollen tubes were smeared on Vectabond treated slides (Vector Laboratories Inc., 
Burlingame, USA) and dried at 60 °C. The slides were covered with autoradiographic stripping 
plates (AR 10, KODAK) and stored at 4°C. At appropriate times specimens were developed (KD 
19, KODAK) and fixed (Agefix, AGFA). 
Fluorescence microscopy 
The pollen tube wall was studied in vitro with different fluorochromes. The pectic and 
cellulosic parts were stained with 0.001% Calcofluor White in H20 or germination medium 
(Tinopal 5BMS-X, Ciba-Geigy; Calcofluor White ST solution, American Cyanamid Company; 
Fluorescent Brightener 28, Sigma; Fluostain-I, Dojindo). 
The callosic part of the tube wall was stained with a decolourized Aniline Blue solution 
prepared as described by Linskens and Esser (1957). An aliquot (ca. 5 μΐ) of the staining 
solution was mixed with a suspension (ca. 25 μΐ) of pollen tubes on a glass slide. Only living 
pollen tubes with vigorous cytoplasmic streaming were used. Pollen tubes of various lengths 
were studied. Stained preparations were viewed in a Ortholux microscope combination (Leitz 
Wetzlar, FRG) equipped with a 100 W CS mercury lamp (Philips, Belgium) and the appropriate 
filters. Observations were photographed on 100 ASA Agfapan negative film or on 100 ISO 
positive film. 
Confocal Laser Scanning Microscopy 
Callose was detected using a monoclonal antibody against ß-(l-»3)-glucans (Biosupplies, 
Australia). Pollen tubes were fixed 1.5 h after germination in 3% freshly prepared PFA in a 50 
mM PIPES buffer (pH=6.8) supplemented with additional 0.5 mM MgCl2) 1 mM EGTA and 
12% sucrose for 0.5 h at room temperature. The pollen tubes were rinsed three times with buffer 
without the sucrose and treated 2 min at 25 CC with an enzyme solution to improve epitope 
accessibility (Li et al. 1992). The enzyme solution contained 1% (w/v) Cellulase "Onozuka RS" 
(Yakult Pharmacetical Ind. Co. Ltd, Tokyo, Japan) and 0.1% (w/v) Pectyolase "Y-23" (Seishin 
Pharmaceutical Co., Ltd, Tokyo, Japan) in buffer without sucrose. The samples were rinsed with 
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PIPES buffer, subsequently blocked for 0.5 h with 1% BSA in PBS (pH=7.2) and again rinsed 
with buffer containing 0.1% BSA. 
Samples were incubated with the primary antibody against callose (10 μg serum/ml, 
Meikle et al. 1991) for 2 h at 37CC, rinsed several times in PBS and incubated with the 
secondary antibody, either a FITC labelled goat-anti-mouse Ig (Nordic, Tilburg, The Nether­
lands) or a sheep-anti-mouse (Amersham, UK) both diluted 1:50 with buffer, at 37°C for 1.5 h. 
The preparations were then rinsed with buffer and directly mounted to be viewed in the CLSM. 
Micrographs were taken using a NIKON Inverted Microscope Diaphot (model TMD) 
equipped with a CF N Plan Apochromat DM 60x in combination with a BIO-RAD MRC-600 
Confocal Imaging System (BIO-RAD, Cambridge, Mass., USA). An argon laser provided the 
spot source for illumination. Optical section thickness was about 0.5 μιτι. Photographs were 
taken from a high resolution flat-screen monochrome monitor on 100 ASA Agfapan negative 
film. 
Inhibition experiments with phthoxazolin 
The effect of the cellulose- and callose-synthesis inhibitor phthoxazolin (a kind gift 
provided by Prof. Dr. S. Ömura, Kitasato University, Tokyo, Japan, Ömura et al. 1990) was 
tested on of pollen germination and pollen tube growth of tobacco. Detailed information will be 
published elsewhere. Briefly, the addition of the drug at a final concentration of 0.14 μΜ, 
reduced germination and tube growth nearly by 50%. The initial effects were monitored for 12 
h. No aberrant cell death could be observed. Eventually, even one or more callose plugs were 
formed. The presence of callose in the wall and in the plugs was studied using decolourized 
Aniline Blue. 
Results 
The general structure of organelles and the cytoplasmic organization of the 
tobacco pollen tubes were excellently preserved as described previously (Derksen 
et al. 1994). 
Dictyosome morphology 
Dictyosomes of the vegetative cell contain five to seven cisternae (Fig. la and 
lb). A clear gradual decrease in the size of the lumen of cisternae exists from the 
Figure 1. Dictyosome and secretory vesicle morphology: the use of various fixation and staining techniques (Table 
I), (next page) Figures la-d and lj. Standard fixation and staining of tobacco pollen tubes according to procedure 1, 
la and lb: two succesive thin sections showing the cis-, medial- and trans cisternae. The trans side shows the typical 
pre-vesicular cluster or TGN, lc: Top view of a TGN. Note the cluster of interattached pre-vesicles, Id: Dissociati­
on of the pre-vesicular cluster. Note the clathrin and non-clathrin coated vesicles, le-g: Methanol substitution with 
post-staining in osmium vapour, le: Procedure 2. All vesicles are unstained, If: Post-staining in an osmium vapour 
(procedure 3) results in an apparent differential staining of vesicles, lg: Prolonged post-staining in osmium vapour 
(procedure 4) does not result in a differential staining of the vesicles. Note the difference in staining of the cisternal 
contents and the contents in the TGN, lh- and li: Methanol substitution in the presence of osmium with PTA post 
staining. PTA with chromic acid (lh; procedure 6) differentially stains vesicle contents. PTA with HCl (li; 
procedure 5) uniformly stains vesicular contents. A precipitate forms within the boundary of vesicles, varying in 
number between vesicles. The membrane boundary is clearly visible, as in figure lh, lj: Standard procedure as in 
figures la to Id. Compare the differential staining of vesicles with the staining in previous figures, lk-lm: Chemical 
fixation in 1% GA combined with PTA staining. With procedure 7 (Ik) the reticulate contents of the vesicles are 
apressed to the unstained boundary. The vesicles have a swollen appearance. With procedure 8 (11), the overall 
contrast has increased relative to figure Ik. With procedure 9 (lm), the reticulate pattern of vesicle contents is no 
longer visible. An overall negative staining occurred in the cytoplasm. Bar: 0.5^m 
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cis to trans face of the dictyosome. The most-trans element shows characteristic 
featuresresembling a cluster of vesicles (Fig. la-Id). Clathrin-coated vesicles can 
be found near such clusters, indicating that this structure is a trans-Golgi network 
(TGN) (Griffith and Simons 1986, Staehelin et al. 1990). The size of the vesicles 
in such clusters is comparable with the size of the secretory vesicles (SV) in the 
pollen tube tip (Derksen et al. 1994). The results of the different staining procedu-
res indicated in Table 1. are presented in figure le-m. A persistent incongruity in 
staining is apparent between the SV, the TGN and the other cisternae (see also 
below, procedure 4, Fig. lg). 
Secretion 
The standard freeze-substitution staining method (procedure 1.) results in 
uniform staining of the TGN in tobacco pollen tubes. However, SV at the tube tip 
stain differentially which might indicate differences in vesicular content (Fig. lj). 
Several other substitution media and staining methods were applied to study SV 
staining (see Table 1.). SV hardly stain at all in methanol substitution without 
osmium and their membranes are not contrasted (procedure 2, Fig. le). The 
overall ultrastructure of the tubes seems to be normal, but contrast is generally 
low. Post-staining of such preparations in an osmium vapour results in unstained or 
totally black stained SV (procedure 3, Fig. If). Prolonged exposure to osmium 
vapour shows black stained SV only (procedure 4, Fig. lg). While this increases 
overall contrast, osmium does not contrast the boundaries of the SV nor the 
boundaries of the dictyosomes. The boundaries of the SV are well recognizable in 
post-stainings with PTA (Fig. lh-li). The use of chromic acid in PTA staining 
(procedure 6, Fig. Ih) shows variable contrast of SV unlike the use of hydrochloric 
acid (procedure 5, Fig. li) where variable precipitates are formed on the contents 
of the SV. The variation in contrast of the SV is similar to the one found in the 
standard procedure 1 (Fig. lj). 
Fixation procedures with GA (procedure 7-9) are seemingly deleterious for 
ultrastructural preservation (e.g., Fig. Ik). The SV appear to have "burst" and 
their contents are reticulate. Varying post-staining smoothens the image (procedure 
8, Fig. 11) and specifically results in negatively stained images using procedure 9 
(Fig. lm). The latter shows that ultrastructural preservation in G A fixations is far 
better than initially might be concluded from figure Ik. 
Cell wall ultrastructure 
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PTA precipitates (procedure 5) are formed all over the pollen tube wall, 
emphasizing the thicker wall part in the extreme tip of the tube (Fig. 2a), and as a 
precipitate is specifically formed on the vesicular contents, the cone-shaped 
accumulation of SV in the tube tip can be discerned at lower magnifications. 
However, the stain does not discriminate between different wall layers (Fig. 2b). 
The procedure also proved to be suitable in identifying the zone separating the 
Figure 2. Accumulation site of secretory vesicles and the interstitial zone between generative and vegetative cell. 2a: 
Procedure 5. Tip of a pollen tabe (see also figure li). A precipitate forms only on the vesicular contents and on the 
pollen tube wall. The cone-shaped accumulation of SV is easily recognizable. Note the thickened wall part in the 
extreme tip. Bar:3pm 2b: Details of the pollen tube wall (2a) showing that the precipitate does not discriminate 
between wall layers. Barium 2c: Generative cell of a pollen tube treated as in figure 2a. The nucleus of the 
generative cell is clearly distinguishable from the cytoplasm. A precipitate surrounds the generative cell. Ваг:0.5/лп 
2d: Detail of the interstitial zone between the generative and vegetative cell. The different membranes are not clearly 
visible, but, the precipitates clearly lies outside the vegetative cell. Bar:l/im 2e and 2f: Membranes of the pollen 
tube (procedure 1; see figure 1). 2e. The bilayered plasma membrane of a pollen tube. Bar 1/im 2f: The membranes 
of the vegetative and generative cell (arrow) with the interstitial zone. Notice the difference with the plamamembrane 
(figure 2e) and the nuclear membrane of the generative cell (arrow head). Bar: 1/ли 
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Figure 3. Cell wall layers m tobacco, lily and petunia (previous page) 3a-j Tobacco pollen tubes fixed and stained 
according to procedure 1 (figure 1), 3a 3d pollen tube 1, 3e to 3h pollen tube 2, 3h pollen tube 3, 3j pollen tube 
4 Figure 3a shows the fusion characteristics of the SV m the extreme tip The wall is composed of two layers an 
inner (i) electron-dense and an outer (o) less-dense "fluffy" layer At approximately 1 μπ\ lower in the tip (3b), the 
layers start to separate Note the abrupt (a) transition ш wall thickness At approximately 5 μπι from the extreme tip 
(3c), the pectic layer widens gradually and becomes more loosely arranged At approximately 10 μτη from the 
extreme tip (3d), the pectic layer has reached its full width and stratification of the cellulosic layer is apparent Early 
signs of callose formation are indicated by the translucent lining (arrow) Figures 3e-h show the gradual increase in 
the callosic layer in successive steps of 10 μπι from the tip The pectic layer shows a constant thickness The 
stratification of the cellulosic layer is obvious The arrow m fig 3h points at a disintegrating part of the cellulosic 
wall Figure 3i shows about 7 strata (one stratum equals a dark and light band) of the cellulosic layer The pectic 
layer has dissolved and a thick callose layer with clear occlusions is formed Distance from the tip about 500 μπι 
3j Wall at a distance of more than 2000 μπι from the tip near a callose plug The pectic wall is partially dissolved 
The thickness of the callosic layer has increased Numerous inclusions can be observed as well as presumable fusion 
sites of complete SV (arrow heads) 3k Wall composition of a petunia pollen lube showing the dissolving pectic 
layer, the stratification of the cellulosic layer and a thin translucent callosic layer (procedure 11) Figures 3 1-n show 
pollen tubes of lily using procedure 1 (see Figure 1) The pollen tube wall shows the same structure as in tobacco 
and petunia In 31-m opposite sites of the same tube are shown On only one side (3m) the pectic layer has dissolved 
3n Lily pollen tubes (procedure 11) The pectic layer has completely disappeared along the entire tube The 
stratification of the cellulosic layer is clear The callosic layer is completely translucent 3o Lily pollen rubes 
(KMNO,, fixed, procedure 10) The wall has disappeared completely Bar 0 3μπι 
generative cell from the vegetative cell in the early stages of pollen germination 
(Fig. 2c). The precipitate lies outside the vegetative cell (Fig. 2d). The interstitial 
zone can also be characterized on the basis of the differences between the several 
membranes present. The normal single bilayer membrane (Fig. 2e) is clearly 
distinguishable from the double-bilayer boundary between the vegetative and 
generative cell (Fig. 2f). The precipitate was never found in the vesicles or 
dictyosomes of the generative cell. 
The tip of the tobacco pollen tube wall can be subdivided into a dark 
electron-dense inner layer, referred to as the cellulosic wall layer and an electron-
opaque, "fluffy", outer layer or pectic layer (Fig. 3a, compare Heslop-Harrison, 
1987). The cellulosic layer is noticeably thicker at the extreme tip than in the lower 
part of the tip dome (Fig. 3a and 3b). The upper region seems to indicate the 
restricted site of SV fusion. The pectic layer thickens and becomes more electron 
opaque in the first 5 (Fig. 3c) to 10 μπι (Fig.3 d) of the tube. A stratification of 
the cellulosic layer is generally apparent. The pectic layer does not increase in 
width after a distance of 10 μτη behind the tip, and already the first signs of the 
deposition of a callosic layer become visible. The callosic layer gradually thickens 
over the next 40 μπι. Figures 3e to 3h shows this thickening in succesive steps of 
10 μπι and in tubes, where the first callose plugs are formed, it further thickens 
(Fig. 3i) showing also electron-dense inclusions. Meanwhile, the cellulosic layer 
shows a clear stratification constructed of five to seven strata and the pectic layer 
generally has dissolved completely. 
76 
show a crossed orientation of approximately 45° towards the longitudinal axis of 
the tube. The exact texture cannot be determined from this type of thin sections as 
these are only rarely found and show a restricted and sometimes undefinable part 
of the wall. Cell wall texture is generally determined from whole mount-extracted 
material in which the crystalline cellulose is preserved. A crossed texture in these 
preparations is difficult to quantify (Fig. 5a and 5b). The results of a quantitative 
analysis of the outer wall are represented in Figures 5e to 5i. The orientation of 
CMF from the extreme tip up to 40 μτη behind the tip reveal a predominance of 
crossed CMF, and the total number of CMF can be classified in two groups. Each 
group bares equal numbers of CMF, though differences (shifts) in the qualitative 
and quantitative profile exists if the various wall fragments along the tube are 
compared. Random distributions were not observed with this method. 
Dry-cleave preparations of extracted pollen tubes show an outer wall layer 
(Fig. 5c) and a less dense inner layer (Fig. 5d). The CMF also show two main 
groups of crossed CMF (Fig.5 j). One group (Z helix) is markedly lower in CMF 
abundance than the other one (S helix). The texture of Petunia walls shows similar 
profiles. Variations in texture along the tube are more pronounced in this species. 
The distal part of the tube shows a dominant Ζ helix orientation of the CMF (Fig. 
5k), while in the more proximal parts S and Ζ helices are equally present (Fig. 
5m). The wall part between the proximal and distal region seems to show an 
intermediate orientation of CMF (Fig. 51). 
Figure 5. (right page) Cell wall texture, quantitative analysis Figures 5a-d show the texture of the pollen tubes after 
extraction The longitudinal axis of the tube is always horizontal Sa and 5b Tobacco pollen tubes after acid 
extraction 5c and 5d Tobacco pollen tubes after extraction with ethanol-amine The upper 1 5 μιη of a tube tip are 
shown ш 5a The tip is indicated with an arrow Bar 0 5μιη 5b Texture of the wall at 35 /tm from the tip Bar 
0 5μπι 5c Dry-cleaved, non-collapsed pollen tube Various levels in the wall are visible to the left the intact outer 
wall, in the middle the inner surface and to the right the outer wall surface seen from the inside Bar ΙΟμπι 5d 
Detail of the texture of the inner surface Note the CMF are less densely as compared to the outside wall (figure 5a 
and 5b) Bar 0 5μιη Figures 5e-m show the results of the quantitative analyses of the distribution of CMF from 
different pollen tube wall fragments The orientation of CMF was determined with respect to the cells' longitudinal 
axis (0/180°) with increments of 10 degrees (x-axis) The absolute frequency of microfibrils is given on the y-axis 
Figures 5e-5i show the CMF orientations at different distances from the tip of acid extracted tobacco pollen tubes 
5e 0-2 5 μιη, 5f 2 5-10 firn, 5g 10-15 /im, 5h 15-25 μτα and 5i 35-40 μιη from the tube tip Note that the texture 
does not show major changes m CMF orientation, not even in the extreme tip Figure 5j shows the orientations of 
the CMF of the inner wall, here shown for alkaline-extracted tubes The CMF are predominantly oriented in a Ζ 
helix Figures 5k-m shows CMF orientations at various distances from the tip of ethanol-amine treated pollen tubes 
of petunia 5k 0-12 /im, 51 12-22 /an and 5m 22-32 μπι from the tube tip In the first part the S helix dominates, 
while m the lower part S and Ζ helices are codominant, in-between a gradual transition of orientations occurs 
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Near older plugs, the callosic layer may occupy two-thirds of the tube's 
diameter (Fig. lj). The inner face of the layer becomes irregular, inclusions are 
very common and it seems that these inclusions derive from a complete fusion of 
SV with this layer. The cellulosic layer is sometimes difficult to discern. The 
variability of the thickness of the cellulosic layer between pollen tubes and within a 
single pollen tube is evident (compare the figures 3a to 3d, 3e to 3h, 3i and 3j, 
each belonging to different pollen tobes). The ultrastructoral composition of the 
tube wall is similar in Petunia (Fig. 3k) and Lilium (Fig. 31 and 3m). The degree 
of dissolution of the pectic layer can be quite diverse. In the same tube, but at 
opposite sides, this layer can either be present (Fig. 3m) or completely missing 
(Fig. 31). The presence of this layer is highly susceptible to the type of fixation: 
after GA fixation it is always absent (Fig. 3n), while the other layers look almost 
identical, which is not the case in freeze-substitoted material. Potassium permanga-
nate fixation results in excellently contrasted membranes but a poorly preserved 
pollen tube wall (Fig. lo). 
Figure 4. Cellulose microfibrils in ultrathin sections. 
Standard fixation and staining of tobacco pollen tubes 
(procedure 1). Grazing section through the cellulosic 
layer. Notice the crossed CMF (arrowheads). Longi-
tudinal axis is indicated with a large arrow. Bar:l^m 
Cell wall texture 
Grazing thin sections of freeze-substitoted tobacco pollen tubes exhibit 
cellulose microfibrils (CMF) near the outside of the tube wall (Fig.4). These CMF 
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Fluorescence microscopy 
The use of various types, batches or derivatives of Calcofluor White and 
Aniline Blue did not result in any noticeable differences. Varying concentrations 
and/or incubation times did not reveal wall details. Specific stainings could only be 
performed on living cells. Therefore, no information could be obtained from the 
generative cells encaged by the vegetative cells (see van Amstel and Kengen 1994). 
a) Calcofluor White staining 
Generally, this staining shows the dissolution of the pectic layer in living 
tubes and a less-intense staining of the tobacco pollen tube tip (Fig. 6a). Washing 
in fresh medium and mild centrifugation causes a temporal cessation of growth. 
When growth resumes the pollen tube tip seems to emerge from the older part as if 
it were breaking through the pectic layer (Fig. 6b). Successive washings result in 
multi-buckled pollen tubes as the direction of growth can repeatedly change (Fig 
6c). 
b) Aniline Blue staining 
Callose deposition in the tobacco pollen tube wall is characterized by an 
absence of fluorescence in the tube tip and a gradual increase in fluorescence from 
the tip to the base, indicating an increase in the amount of deposited callose (Fig. 
6d). The intense fluorescence of Aniline Blue-stained callose makes it impossible to 
identify details of the callose deposits. However, a fine granular deposition of 
callose can be observed by choosing appropriate focus levels (Fig. 6e). 
Figure 6. Fluorescence microscopy Figures 6a-c show tobacco pollen tubes m vitro stained with Calcofluor White 
(0 0001 % in germination medium) Remnants of the dissolved pectic layer can be seen in the medium Bar 20μηι 6b 
and 6c Pollen tubes stained as m 6a were washed several times with fresh medium after a 5 nun stain in Calcofluor 
While Tubes were re collected by centrifugation (100 g) In 6b the newly emerging tube tip is faintly stained and 
seems to break through the older pectic layer Pollen tubes treated as in 6b show that the direction of growth has 
changed Note that the former tip has thickened locally 6d-j and 6m-q Pollen of tobacco (d-j) and lily (m q) stained 
in vitro stained with Aniline Blue Fig 6d shows the typical deposition of callose in tobacco pollen tubes no callose 
m the tube tip and an increasing formation of callose towards the pollen grain The focus plane is median Bar 20μτη 
6e As in 6d, the focus plane is at the wall surface Granular depositions of callose are seen behind the tip, the tip 
remains unstained Due to the intense fluorescence, no details can be seen in the lower part of the tube 
Bar 20μπι 6f As in 6e, the tubes show a faint banding (arrowheads) and some fibrillar structures (arrows) 
Bar ΙΟμηι 6g-j Tobacco pollen tubes showing banded fluorescence along the tube The tube in figure 6h showed a 
vigorous plasma streaming, but had stopped growing, as indicated by the presence of callose in the extreme tip 
(arrow head) Bar ΙΟμιη Figures 6k and 61 show two successive optical sections (CLSM) through the wall of a 
tobacco pollen tube Callose was detected with a monoclonal antibody against (l-*3) fl glucans Bar ΙΟμπι Figure 
6m shows the typical deposition of callose in lily pollen tubes, the focus plane was at cell surface Note the tip 
already contains some callose, indicating that tube growth has stopped The reticulate, granular deposits of callose 
are similar to those in tobacco Details can be seen much further along the tube, indicating a less thicker callosic 
layer than in tobacco Bar 25/xm 6n as in 6m Fine deposits of callose are visible at some distance from the tip, in 
the tip no callose can be found Bar 15μπι 6o as 6n Callose depositions are seen close by the tip Bar 15дт 6p 
as in 6o Callose depositions, some with a fibrillar character are visible Bar 15μηι 6q Banded fluorescence along 
a tube of lily Bar 25μπι 
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The granular deposition of callose seems to show a periodicity of fluorescence 
along the tube (Fig. 6f-6j), and sometimes the deposits have a fibrillar appearance. 
If growth stops, callose deposition starts in the extreme tip of the pollen tubes (Fig. 
6h). Optical sectioning of the pollen tubes with the CLSM using the specific 
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monoclonal antibody against ß-(l-»3)-glucans confirms the granular deposition of 
callose in the tube wall (Fig. 6k and 61). 
The pollen tube wall of Lilium also shows a granular deposition of callose 
too. The callose layer presents fainter fluorescence with Aniline Blue as compared 
to tobacco (Fig. 6m). A periodicity of fluorescence intensity is only faintly visible. 
The tip is devoid of callose (Fig. 6n), yet is formed in the tip as growth ceases 
(Fig. 6o). Callose depositions also appear in a fibrillar form (Fig. 6p) and, 
occasionally, the banding of fluorescence intensity is quite clear (Fig. 6r). 
Callose plugs 
The formation of callose plugs is a normal event in tobacco pollen tubes in 
vivo, in vitro and in semi-vivo. The latter situation is presented in Figure 7a, which 
shows pollen tubes emerging from a pollinated style. Plugs seem to form at regular 
intervals in each tube, though the length of the intervals can vary between tubes 
(Fig. 7b). The plugs are not always closed, and even several plugs in a row can 
show no closure (Fig. 7c). The ultrastructure of the plugs shows the overall shape, 
a flat top, pointing towards the tip and an indented lower part (Fig. 7d). Within the 
plug the dark inclusions are visible (see also Fig. li and lj). Pollen tubes isolated 
from an in v/vo-pollinated lily style also show numerous plugs, but it is difficult to 
recognize any regularity in their deposition (Fig. 7e). Callose depositions are 
arranged in a spiral and do not really plug the pollen tubes (Fig. 7f). 
Inhibition experiment with phthoxazolin 
The drug phthoxazolin has marked effects on tobacco pollen germination and 
Figure 7. Plug formation 7a Tobacco pollen tubes, protrading from the cut-end of a style The tubes were stained 
with Aniline Blue A mature tobacco style was cut 7 5 mm from the stigma and placed horizontally on germination 
medium supplemented with 3% agar, it was then pollinated After a 24h incubation at 28°C, pollinated styles were 
removed, stained and examined Note the regularity of plug formation in individual pollen tubes Bar 200μπι 
7b as in 7a The style was carefully opened, the pollen tubes were gently removed and stained with Aniline Blue 
Note again the regularity of plug formation m tubes However, the distance between plugs vanes between tubes 
(compare tube a with tube b) Bar lOO/im 7c as 7b Detail of a pollen tube isolated from the style Note that plugs 
are not closed (arrows) Bar 5(tym 7d Thin sections through a callose plug m a tobacco pollen tube Pollen 
germinated on dialysis punches on agar and were incubated for 24 h at 28°C These tubes were treated with a 
standard PF-FS (see figure 1) The pectic layer has dissolved, the cellulosic layer is clearly visible Note the thick 
callosic layer with its numerous inclusions, especially within the plug Arrow tube tip Note that at this side, the 
plug face is blunt and at the other, closed side, the plug is indented The typical morphology of the plug is also 
recognizable in the light microscope (see previous figures) Bar 5μπι 7e Lily pollen tubes isolated from m νινσ-
pollinated styles and stained with Aniline Blue Note the various callose "plugs' Bar 500μιη 7f as 7e, Detail of 
some of the callose "plugs" The plugs are, in fact, localized spirally thickened walls with callose and do not clog 
the tubes (compare figure 7c) Bar ΙΟΟμπι 
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on pollen tube growth. Although pollen tube growth can be considerably reduce-
dafter nearly 6 h of continuous incubation, the tubes show no signs of aberrant 
morphology. Yet, pollen that does not germinate within the first hours shows a 
tendency to widen with respect to tube diameter (Fig. 8a). The details of the 
deposited callose observed at the proximal part of the pollen tube indicate that this 
drug inhibits the normal thickening of the callosic layer (Fig. 8b and 8c). It causes 
similar effects in lily (Fig. 8d). The proximal part of these tubes is barely stained 
compared to tobacco tubes and only a few strongly fluorescent isolated spots are 
found. 
The pollen tubes survive incubation for approximately 12 h, but eventually 
m л 
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hours one or more plugs are formed. The bright-field image in Figure 8e shows a 
tube with an incomplete callose plug and an intact tube tip. The degenerated 
cytoplasm is dark due to the absorption of dye components. The complementary 
fluorescent image (Fig 8f) shows no callose beyond the plug and some granular-
fluorescence in the distal region. The wall in bright-field imaging seems thickened, 
although this can vary between different pollen tubes (Fig. 8g). The deposition of 
callose also varies (Fig. 8h and 8i) 
A utoradiography 
The 3H-UDPG is incorporated along the whole tube (Fig. 9a) and even 
within the grain. The label becomes less intense near the pollen tube tip. Coun-
terstaining with Calcofluor White is necessary to co-localize silver grains with the 
actual tube underneath (Fig. 9b). The uptake and subsequent incorporation of label 
in the whole tube and in the tube wall is illustrated in Figure 9c. The proportion of 
label incorporated in cellulose compared to that incorporated in the entire tube rose 
from 3% to 60%. An interesting phenomenon is the sudden rise in incorporation in 
both the wall and total tube at approximately 4 h after incubating the pollen and 
2.5 h after the addition of the label. Preliminary experiments showed these profiles 
to be significant. 
Figure 8. Inhibition of callose synthesis 8a-b Bright field observations on the effect of 0 14 μΜ Phthoxazolin on 
tobacco pollen tube morphology after 6 h of incubation 8a Pollen tube length is clearly reduced, as compared to the 
controls (not shown) The diameter of the tubes has increased, especially in tubes that do not germinate immediately 
(most-left tube) Vacuoles start to appear in the tip (arrowhead). Bar 50μιη 8b Tubes with "normal" morphology, 
though deposition of wall material m the extreme tip (arrowhead) has started Bar 20μιη 8c Fluorescence image of 
the tube in 8a, showing details of a fine callose depositions far into the pollen grain The generally ocumng mcrease 
in thickness of the callosic wall m the proximal tube seems to be inhibited Note that the wall m the tip is of a 
callosic nature (arrow head) Bar 20μπι 8d The effect of Pthoxazolm on a lily pollen tube Some details of the 
callosic layer are visible close to the tip (arrow head) Some isolated spots of callose deposition are discernable 
further from the tip Ваг 30μηι 8e-i The effect of 0 14 μΜ Phthoxazolin on tobacco pollen tubes after 12 h of 
incubation, pollen tubes have died, but they did not burst. 8e Bright-field image showing the degenerated dark 
cytoplasm and the start of the formation of a callose plug Bar ΙΟμπι 8f Fluorescence pattern of the tube as in 8e 
Callose is absent from the tip, at the site of the plug hardely any callose is present Some callose can be seen 
between the site of the plug and the tip The film (radiant plug) was slightly overexposed to register callose in the 
proximal part of the tube Bar ΙΟμιη 8g as 8e Tubes with open or closed plugs Note the short distance of the 
open plug to the tube tip Bar ΙΟμπι 8h Fluorescence image of of a tube as in 8e both tubes are in the same focus 
plane Besides the radiant plugs In the left tube some callose is deposited in the distal part, but callose is absent in 
the tip In the right tube hardly any callose deposition occurs besides the plug Bar ΙΟμπι 8i Fluorescence image 
showing the distribution of callose in a tobacco pollen tube after prolonged (12 h) treatment with Phthoxazolin 
Callose is absent from the tip, some callose is seen just behind the tip A strongly stained plug and a few dispersed 
spots between plug and pollen grain are visible Bar 20μπι 
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Figure 9. 3H-UDPG-incorporation in the wall. 9a: Autoradiograph of a tobacco pollen tube. The '-H-UDPG label 
(1μΟ/10 mg pollen in 2.5 cc germination medium) was added 1.5 h after incubating the pollen in order to ensure 
that all of the pollen had germinated and that the pollen tubes were of a sufficient length. Samples were taken at 
various time intervals. Note that the amount of silver grains seems to gradually decrease from the tip. ВапІООдт. 
9b: Fluorescent image of the pollen tube from figure 9a after treating the autoradiogram with 0.001% Calcofluor 
White. Bar:50pm. 9c: Incorporation (in DPM) of'H-UDPG in tobacco pollen tubes. As in figure 9a label was added 
1.5 h after incubating the pollen in germination medium. Samples were taken at 20 min intervals. The upper line 
shows the total incorporation as determined from TCA-precipitations, the lower line shows the incorporation in the 
cellulosic frame after acid extraction. The incorporation gradually increases up to t = 160 min, followed by a distinct 
steeper increase in both total tubes and acid extracted walls. At t=200 min the incorporation in the TCA precipitates 
decreases, but no decrease in incorporation in the wall fraction was observed. The amount of incorporated label was 
normalized for 10 mg of incubated pollen. 
Discussion 
The general preservation of the ultrastructure of physically fixed tobacco 
pollen tubes is excellent and superior to that of chemically fixed material (see also 
Cresti et al 1987, Lancelle and Hepler 1992, Rutten and Knuiman 1993, Derksen 
et al. 1994). 
SV formation and secretion 
Secretory vesicles are generally thought to derive from the dictyosomes by 
pinching off from the most-trans cisternae (review Battey and Blackburn 1993). 
The results from serially sectioned tubes indicate the presence of a well developed 
TGN (Staehelin et al. 1990, Driouich et al 1993, Mollenhauer and Morré 1994) 
that seems to transform gradually into "pre-vesicular elements" or clusters of 
vesicles (SV). Similar structures are also visible in lily pollen tubes (see Fig. 1 in 
Lancelle and Hepler 1992). The individual vesicles of the "pre-vesicular clusters" 
are similar in size and show a similar staining behaviour as the SV and therefore 
must be the precursors of the SV. The persistent difference in staining between the 
most-trans cisterna and the other cisternae are considered to be a result of TGN-
and cisternal processing. Whether dictyosomes in pollen tubes are able to perform 
a kind of cisternal progression like in algae (Domozich 1991), as indicated by the 
almost complete dissolution of the most-frans cisterna into SV, or exclusively 
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almost complete dissolution of the most-trans cisterna into SV, or exclusively 
exhibit vesicle shuttling (Staehelin et al. 1990) is beyond the scope of this issue. 
The SV eventually accumulate in the tube tip in a cone-shaped zone (see 
Derksen et al. 1994). The zonation may be lost in chemical fixations (Rosen and 
Gawlik 1965, Rao and Kristen 1989) or is not recognized (Lilium, Rosen et al. 
1964 and Petunia, Helsper 1979). This cone-shaped distribution does not depend 
on the particular presence of vesicles. Myrmycacin (Nakamura et al. 1982) or 
Brefeldin-A (Rutten and Knuiman 1993) dissolve the Golgi apparatus in pollen 
tubes. However, such tubes may still show a cone-shaped void at the tip. PTA 
staining of normal tubes accentuates this zone as the stain is restricted to the 
vesicular contents and tube wall. Fusions of the SV in the tip are limited to a small 
part delineated by a specific lenticular-thickened wall area (see also below). 
SV contents 
Growth-related exocytosis is limited to the apex of the pollen tube. The 
secretory site in the extreme tube tip shows SV at various stages of exocytosis. The 
SV described as "P-particles" in germinating lily pollen (Heslop-Harrison and 
Heslop-Harrison 1987) or specialized callose grains (Ciampolini et al. 1993) were 
not found. The artificial separation of SV into classes might be due to an erroneous 
referai to coated vesicles (Derksen et al. 1994). A standard fixation-substitution of 
tobacco pollen tubes (procedure 1) or the use of PTA/Cr03 (procedure 6) results in 
a variable contrast staining of SV, implying differences in the contents (see also 
Lancelle and Hepler 1992 for lily). However, prolonged post-staining using 
osmium vapour (procedure 3 and 4) or the use of PTA/HCl (procedure 5) shows 
homogenous staining of SV, implying that the staining of SV depends on the 
permeability of the sections to some stains. Thus, differences in the stainability of 
SV must be an artifact, and only one type of secretory vesicles exists in tobacco 
and lily. 
PTA stainings can be used to identify various components (Roland 1978, 
Helsper 1979, Quail 1979, Heslop-Harrison and Heslop-Harrison 1982). An aque-
ous solution of PTA at low pH generally reacts with oligo- or polysaccharides, 
while organic solvents can be used to identify amino groups (Pease 1966, Ram-
bourg 1971). Our results show that aqueous PTA stainings locate the membranes 
or constituents within the membrane of SV differently than osmium. Combined 
with GA fixations these stainings show a reticulate SV contents apressed to the SV 
boundary (see also Picton and Steer 1983). Therefore, the contents must be of a 
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pectic-proteinaceous nature (Heslop-Harrison and Heslop-Harrison 1982). 
Generative cell wall 
The interstitial zone between the generative and vegetative cell is also 
marked with the PTA precipitate. Therefore, it must contain a constituent similar 
to that found in the pollen tube wall and in the SV, though the exact nature 
remains obscure (see Cresti et al. 1987, Nakamura and Miki-Hiroshige 1985). As 
the precipitate is not found in vesicles or dictyosomes of the generative cell, we 
conclude this to be the first evidence of wall formation around the generative cell 
by the vegetative cell. In the present experimental set-up, staining with Calcofluor 
White or Aniline Blue could not be performed, but from the electron micrographs 
it is clear that the amount of material in the interstitial zone must be extremely 
low. Wall material seems to be transiently present during the development of the 
generative cell (Gorska-Brylass 1970), but CMF seem to be absent (Sassen and 
Kroh 1974). The positive staining of the interstitial zone with Calcofluor White 
seems to reflect the presence of callose or pectins, rather than of CMF (Owens and 
Westmuckett 1983). The sustained reaction with PAS might not only indicate 
glycoproteins (Owens and Westmuckett 1983) but also mono-/oligosaccharides 
(Geyer 1973) or pectins (Miki-Hiroshige 1982, Rae et al. 1985). Recently, 
membrane-associated AGPs have also been identified surrounding the sperm cell 
"wall" (Li et al., pers. comm.). 
Callose is also formed around the generative cell during the initial rehydrati-
on of mature pollen but disappears again before the tube protrudes (Angold 1968). 
Simultaneously, callose is formed between the plasma membrane and the intine 
(see Cresti et al. 1991) and at the site of the germination pores just before the tube 
protrudes, temporarily at least. The latter coincides with the temporal deposition of 
esterified and unesterified pectins at the germination pores (Li et al. 1993). Also 
during the division of the generative cell, callose and "fibrillar" material are 
formed between the two attached sperm cells (Johnson 1948, Yu et al. 1993). 
However, the overall process of callose deposition during male gametophytic 
development can vary (see for instance Pinus, Martens et al. 1967). Therefore, any 
generalized description of (transient) wall formation during pollen development 
should be addressed with care. 
The absence or transient presence of a wall may be a precondition for the 
manyfold changes that the generative cells undergo during their development. 
Morphogenesis and movement of the generative cell are probably brought about by 
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the microtubular cytoskeleton of the generative cell and the encaging actin skeleton 
of the vegetative cell (Derksen et al. 1985, Pierson et al. 1986, Palevitz and Tiezzi 
1993). The function of the wall component that causes the PTA precipitate around 
the generative cell remains enigmatic. It seems unlikely that this component is 
attached to the membrane of the generative cell as its cell membrane is rather 
smooth in freeze-etched preparations (M.M.A. Sassen, unpublished data). It may 
be involved in maintaining the integrity of the membrane of the vegetative cell 
and/or anchoring the cytoskeleton to this particular part of the generative cells 
membrane. 
Cell wall in the pollen tube tip 
The tobacco pollen tube cell wall originates from a lenticular thickened 
region in the extreme tip. From median serial sections we conclude that this is not 
an artifact as the section plane cannot cause such noticeable differences in wall 
thickness at extremely short distances. A similar thickening can be observed in lily 
(Lancelle and Hepler 1992). The pectic layer and cellulosic layer seem to be in a 
merged condition in this thickened wall part. The layers gradually separate as if a 
phase shifting occurs between the two wall layers (Derksen et al. 1994). Along the 
pollen tube, the pectic layer seems to swell and can partially or completely 
dissolve. This is not merely a fixation or an embedding artifact (see Fig 1.), as 
pollen tubes in suspension can shed their pectic layer in a floccular manner (see 
also Kappler 1988). Furthermore, the newly formed tube seems to penetrate 
through the older and swollen pectic layer after short periods of growth cessation 
(see also Iwanami 1959). It should be noted that the terminology used here 
(Heslop-Harrison 1987) does not imply, for instance, that the term callosic layer 
means that only callose is exclusively present in this layer. 
The dissolution of the pectic layer in lily, tobacco and Petunia, raises the 
question of its importance for pollen tube growth. Firstly, it may be essential for 
maintaining the integrity of only the pollen tube tip (see Steer and Steer 1989). Li 
et al. (1993) showed specific distributions of esterified and unesterified pectins, 
which suggests that a flexible tip is due to the presence of esterified pectins, and a 
strengthening of the tube, to the presence of unesterified pectins. Thus, the esteri-
fied pectins, together with other wall components, may be lost, whereas the 
unesterified pectins remain in the wall. The banding patterns observed may be 
caused by the loss of parts of the wall. Secondly, the pectic layer of the tip is the 
primary contact in vivo with the sporophytic tissue. This layer may enable the 
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passage of tubes through the stylar tissue, analogous to the root cap-function in the 
soil. Thirdly, the tube-tip region is the location where cell-cell interaction must be 
expected to occur. It seems likely, therefore, that the pectic layer plays a role in 
the exchange of signalling molecules (van Cutsem and Messiaen 1994). Also, the 
specificity of esterification is related to intercellular adhesion and as such can be 
involved in early tissue differentiation (Liners et al. 1994) 
Cell wall in the pollen tube 
The cellulosae layer shows a stratification directly behind the tip. The 
number of strata (5-7) seems to agree with the number of layers of CMF identifia­
ble in extracted wall material. The thickness of the cellulosic layer varies and 
depends on growth rate, which in turn is closely related to tube width and conse­
quently, wall thickness (e.g., Schoch-Bodmer 1945), which makes it difficult to 
compare pollen tube walls from different species. The thickness of the cellulosic-
layer can vary along a single pollen tube and sometimes even shows signs of 
dissolution. This variation in thickness reflects the continuous change of growth 
conditions as the pollen tubes themselves change their environment simply by 
growing (e.g., Tupy and Rihovha 1984). 
The pollen tube wall is generally considered to be a primary cell wall 
although it might deviate in overall chemical composition from the primary walls 
of somatic cells (Steer and Steer 1989, Fry 1988). The texture of the initial 
primary cell wall has long been presumed to be random based upon observations in 
the polarization microscope and an apparent dispersed organization of CMF in 
extracted walls. This supported the view that a regularly arranged texture in isodia-
metric cells and hemisperical (tip-growing) cells is not required, as turgor pressure 
is equal in all directions (see Frey-Wyssling 1976). However, birefringence is also 
absent in helicoidal walls, and quantitative analysis has recently demonstrated a 
helicoidal-like organization of the primary walls (Wolters-Arts et al. 1993) and also 
that in helicoidal walls turgor pressure is equal in all directions. 
The pollen tube walls of Petunia (Sassen 1964) and Lilium (Dashek 1966) 
show a texture with CMF in S and Ζ helices at about 45° to the longitudinal axis 
of the tube. The CMF seem to be "random" oriented in the tip. Quantitative 
analyses confirm and extend these observations for Petunia and Nicotiana, respecti­
vely. The S and Ζ helices are separated in equally sized populations. However, in 
Petunia the size of one of the helices can vary distinctly and the profile can be 
shifted. This type of texture appears to occur generally in primary walls (Wolters-
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Arts et al. (1993). The hemisperical tube tip shows a texture similar to that of the 
tube. Thus, the texture of the wall apparently remains unchanged after its depositi­
on in the tip. CMF reorientation (Sassen 1964) in the tube is not to be expected as 
tip growth implies continuous wall formation rather than an extension process (see 
Steer and Steer 1989). This agrees with the model of radial turgor thrust (mandrel 
effect of turgor pressure) on CMF orientation in tip-growing cells (Boyd 1985). 
The alleged presence of cellulose in the callosic layer of tobacco pollen tubes 
(Kroh and Knuiman 1982) has been confirmed using autoradiography. The acid 
extracted tube wall showed a considerable incorporation of 3H-UDPG into cellulose 
relative to total uptake. However, the patterns shown by Roggen and Stanley 
(1971) could not be reproduced. The secondary wall or callosic layer seems to be 
heavily interspersed with cellulose, forming a fine and loosely network of Ζ 
helically oriented CMF. The predominance of an S or a Ζ helix is a common 
property of "normal" secondary walls (Sassen et al. 1981 and 1985, Emons 1988, 
van Amstel and Derksen 1993). These helices alternate in surface growing cells 
(Wolters-Arts and Sassen 1991) as a result of a rotational principle of CMF 
deposition occurring in helicoidal cell walls (Roland et al. 1992, Wolters-Arts et 
al. 1993). The deposition of CMF in the callosic layer of pollen tubes might be 
considered a termination phase of a helicoidal related form of CMF deposition. 
Callose 
The tip of growing pollen tubes of tobacco and lily is always devoid of 
callose. However, it is present in the newly protruding tube (data not shown, 
Heslop-Harrison and Heslop-Harrison 1992), and if growth ceases, callose gradual­
ly forms in the entire tip. The deposition of callose in tobacco and lily pollen tubes 
is characterized by an increasing intensity of Aniline Blue fluorescence from the 
distal region of the tube towards the proximal part. This increase is in accordance 
with the observations made in the electron microscope. The thickness of the 
callosic layer of in vitro-gwv/n tobacco tubes is variable. In vivo thickness varies 
with the location of the tubes in the style as shown in Petunia (Herrero and 
Dickinson 1981) and Gasteria (Willemse, pers. comm.). In some species callose is 
supposedly absent {Cosmos bipinnatus, Knox 1973; Lychnis alba Crang and Hein 
1970). 
The callosic layer also contains inclusions of a pectic nature (Cresti and van 
Went 1977, Kroh and Knuiman 1982, Kappler 1988, Vennigerholz et al. 1992) and 
arabinogalactan proteins (AGP) seem to occur periodically in tobacco tube walls 
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(Li et al. 1992). In tobacco and lily callose is formed behind the tip in a granular, 
reticulate manner and sometimes in such detail that fibrillar formations can be 
distinguished as well. Similar but less detailed structures have also been seen in 
Narcissus (Heslop-Harrison 1987, Heslop-Harrison and Heslop-Harrison 1992). 
Moreover, the callose showed a banded pattern along the tube. This pattern coinci-
des neither with the pattern of AGP nor with that of pectins (Li et al. 1992 and 
1993). The inclusions in the callosic wall contain both AGP's (Anderson et al. 
1987) and pectins (Vennigerholz et al. 1992), but it is unclear whether and how 
they relate to each other or to the various patterns present. To unravel this possible 
relationship between components is essential, as at least AGPs form a key-element 
in cell proliferation (Serpe et al 1994). 
The pollen tubes of lily show a relatively weak fluorescence (e.g. Reynolds 
and Dashek 1976) even though the callosic layer seems to be well developed in the 
electron microscope. In contrast to tobacco, (l-»3)-ß-glucans in lily have an alkali-
resistant cristalline nature and presumably form polyglucan fibrils alternating 
or/and interspersing with (l-»4)-ß-glucans (Herth 1974). Such differently linked 
(l-»3)-ß-glucans show a relatively low fluorescence intensity (Evans 1984), which 
may explain the weak fluorescence in lily. The specificity of Aniline Blue for 
callose staining has been questioned by Smith and McCulley (1978). However, as 
in the case of lily, variations in the degree of fluorescence may be caused by 
variations in its complex structure (Evans 1984). 
Effects of phthoxazolin on wall synthesis 
Plant cells largely depend on cellulose synthesis to achieve and maintain or 
alter shape and consequently their specific function. Drugs affecting cellulose-
synthesis, like Coumarin and dichlorobenzonitrile (DBN, DCB), show highly 
undesirable side effects (Satiat-Jeunemaitre 1987, Meekes 1988, Foissner 1992, 
Taylor 1992, Shedletzky et al. 1992). Recently, Omura and coworkers (1990) 
isolated a specific cellulose inhibitor from Streptomyces, called Phthoxazolin after 
its inhibitory effect on Phytophthora parasitica and an oxazol moiety in its 
chemical structure (Tanaka et al. 1993). The drug significantly effects germination 
and pollen tube growth at a physiological relevant concentration of 0.14 μΜ (van 
Amstel, unpublished results). Pollen that germinate late seem to speed up growth 
as they are capable of reaching the same mean length as pollen that germinate early 
within the first hours of growth. However, the growth of all pollen tubes is 
ultimately significantly reduced. Treated tubes show no visible signs of deteriorati-
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on in bright-field imaging. Though staining with Aniline Blue shows that little 
callose is formed, pollen tubes continue to grow. 
Phthoxazolin affects growth supposedly by interfering with wall formation in 
the tip. However, callose deposition in the tube is also extremely reduced. The 
ability of the trans membrane cellulose-synthase complex to alternately produce 
cellulose or callose is a currently favoured hypothesis (e.g. Wu and Wasserman 
1993). The effects of Phthoxazolin are in agreement with this hypothesis. The 
survival of pollen tubes in Phthoxazolin shows that callose and cellulose synthesis 
are not a prerequisite for growth. The wall function in this case may be mainly 
exerted by other wall components. 
Plug formation 
The formation of callose plugs in tobacco is a regular process. The first plug 
is formed at a fixed distance of approximately 170 μπι from the pollen grain in 
vitro. Even Phthoxazolin treated tubes maintain this distance. The following two to 
four plugs, over a distance of about 2 mm, are not necessarily regularly spaced. 
This mirrors plug formation in the stigma under semi-vivo conditions (Read et al. 
1993). The plugs do not clog the tube in tobacco. In lily, the spirally shaped 
callose depositions occurr locally, but "normal" plugs form as well (Reynolds and 
Dashek 1975, Alves et al. 1968). Also, these sites of callose deposition often will 
not shut. In some species like Fagopyrum, callose plugs are absent (Schoch-
Bodmer 1945). These observations challenge the presumed function of callose 
plugs, namely to seclude the cytoplasm in the growing part of the tube (Strasburger 
1886). 
Callose is not the only constituent of plugs, isolated plugs even contain 
cellulose (Nakamura et al. 1984). Plugs presumably form by the fusion of so-called 
"callose grains" with the plasma membrane (Cresti and van Went 1976). Even 
complete vesicles may become embedded in the plugs. Massive non-wall associated 
callose bodies derived from spherosomes (Tsinger and Petrovskaya-Baranova 1967) 
and "callose coccoons" Gorska-Brylass and (1965) may occur in pollen tubes. 
However, at present no specific class of SV or "callose grains" (Ciampolini et al. 
1993) or other structures containing callose could be detected in the cytoplasm. As 
SV appear to occur in excess in the tip, a significant number will never fuse there 
and may be relocated down the tube. The properties of these vesicles may become 
such that they are no longer "suitable" as a tip-growth related SV. The fate of 
these SV may vary. As the contents of vacuoles often stain with Aniline Blue, 
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degenerating SV may fuse with the vacuole. Also, the callose bodies or "coccoons" 
are thought to derive from excess vesicles. Excess SV may ultimately act as 
individual wall producing units and start callose and cellulose production like 
isolated Golgi vesicles do (Helsper, 1977). Such SV may be identical to the 
"callose grains" (e.g. Ciampolini et al. 1993). Plug formation may then be a way 
to dispose of the excess SV at locations that ultimately end up as callose plugs. 
Several observations support this view. Plugs tend to be flat at the site of the tip 
but are indented at the other site, indicating that the material is derived from the 
growing tip. Growth inhibition leads to plug formation, for example, growth is 
reduced about 80% in incompatible crossings of Nicotiana alata, whereas the 
number and lengths of the plugs are twice as high as in compatible crossings (Tupy 
1959). Comparatively, mechanical distortions of tube growth in tobacco and lily 
also result in locally increased callose depositions (van Amstel, unpublished 
results). 
According to Miiller-Stoll and Lerch (1957a, 1957b) and Tsinger and Pe-
trovskaya-Baranova (1967), plug formation is essentially a degenerative process 
caused by mechanical distortions in the style. However, its regular and simultane­
ous occurrence argues against such an explanation and suggests a site-specifity 
somehow related to tube growth. 
Callose function 
The lining of callose in the pollen tube supposingly re-enforces the tube (see 
Heslop-Harrison 1987). However, evidence is lacking, and differences in the 
thickness of the callosic layer or even its absence in some species remain unexplai­
ned. Moreover, the callose enforced pollen tubes often collapse in the style . 
Callose is supposed to form a selective and often transient barrier between 
different cells and tissues. Callosic walls are often present in cells exposed to 
relatively dry environments, like some fungal cells (e.g. Wessels and Sietsma 
1981, Wessels 1993) or developing cotton hairs (Waterkeyη 1981). The presence 
of callose is especially conspicuous when cells with different genetic backgrounds 
come into close contact, as occurs during micro- and macrosporogenesis (Stone and 
Clarke 1993) and indeed during pollen tube growth. The removal of callose leads 
to male sterility of the microspores (Worrall et al. 1992, Dawson et al. 1993), 
perhaps by dehydration (Barskaya and Balina 1971). The (transient) presence of 
callose during pollen germination obligatory and probably related to the transient 
permeability of the plasma membrane of the rehydrating pollen (Watanabe 1961). 
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The functions of callose in all of these developmental processes probably relate to 
the exchange of water and solutes between the cell and its environment. 
Due to its low matrix potential but high water capacity, it may act as both a 
sink and a source of water (Eschrich 1965, 1970, 1975). These properties are 
strongly affected by Ca2+ ions (Eschrich and Eschrich 1964), which may partly 
explain the need for calcium during pollen germination and pollen tube growth 
(Brewbaker and Kwack 1963, Herth et al. 1990, Linskens and Kroh 1970, Tirlapur 
and Cresti 1992). The callosic wall has also been considered to be a "molecular 
sieve" (Heslop-Harrison and MacKenzie 1967), though this has been recently 
disputed (Rodriguez-Garcia and Majewska-Sawka 1992). At any rate it may form a 
barrier for high-molecular-weight solutes. 
Thus, the function of callose is probably to seperate the gametophytic and 
sporophytic tissues. Callose may be involved in regulating the transfer of water and 
some solutes (see also Cresti and van Went 1977) and may limit cell-cell communi-
cation to the site of endo- and exocytosis, i.e. the growing tip (Derksen et al. 
1993). 
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CHAPTER 6 
Callose deposits are present in the primary 
walls of actively growing cells 
and protoplasts, and may relate 
to patterned cellulose synthesis 
ANM van Amstel and HMP Kengen 
submitted 
Abstract. Monitoring cell-wall formation in vivo with Calcofluor White, by 
fluorescence microscopy, revealed that tobacco protoplasts regeneration 
started within 30 min showing cellulose microfibrils (CMF) forming at 
distinct sites on the protoplast surface. Oriented CMF deposition was 
apparent before elongation and indicated the early polarization of protoplasts. 
The sequence of CMF deposition concorded with an helicoidal-like texture. 
Within six hours, a texture was completed. 
Tobacco suspension cells, stained by decolourized Aniline Blue, 
showed radiant granular callose fluorescence in cell plates and transverse 
walls. During the culture cycle of suspension cells, transient, transverse 
fibrillar deposits of callose gradually appeared in the lateral walls, which 
disappeared in the early stationary phase of the cell culture. Similar observa-
tions were made in regenerated elongating protoplasts. Culture cells of 
Morinda citrifolia L. only showed transient granular depositions in the lateral 
walls. The callose formations were not the result of artificial wounding. The 
transient appearance of callose might be related to CMF deposition. 
Introduction 
The texture of the cell wall, that is the spatial organization of the cellulose 
microfibrils (CMF) in the wall, is achieved by a oriented deposition, later followed 
by a passive reorientation during cell elongation. Cellulose microfibril deposition is 
thought to be controlled, at least in some cell types, by the underlying cortical 
microtubules. Recent reports on the various aspects of CMF deposition and 
reorientation are those by e.g. Emons et al. 1992, Vian et al. 1993, Wolters-Arts 
et al. 1993. In some instances a relation between cellulose deposition and a similar 
patterned but transient callose deposition has been reported, like for example in 
cotton hairs (Waterkeyn 1981). In the initial wall, i.e. during cell plate formation, 
cellulose deposition is accompanied by the deposition of callose (Fulcher et al. 
1975). Callose is also present at the plasmodesmata (Longly and Waterkeyn 1977). 
Also during protoplast regeneration and after cell wounding callose is formed 
(Klein et al. 1981, Galbraith 1981), which is thought to occur by de-stabilized 
CMF synthesizing complexes in the cell membrane (Northcote 1984). In generative 
tissues often callose is found in a closed layer in either a transient, as in micro-
and macrospores, or a permanent form, as in pollen tubes (Stone and Clarke 1992, 
van Amstel et al. 1994). The interrelationsship between callose and cellulose 
deposition in all cases remains enigmatic. 
The highly stable cellulose framework can be easily studied in fixed and thin 
sectioned material (e.g. Emons 1988), but also in whole mounts or cleaved 
preparations even after rigorous acid or alkaline extractions (e.g. Emons 1988, 
Sassen et al. 1986, van Amstel and Derksen 1993). The study to the deposition of 
callose is much more difficult, due to its possible transient character and staining 
behaviour in electron microscopic preparations. Moreover, it may get lost or, 
contrarily, its formation will be initiated, during experimentation. 
It is not known whether the occurrence of callose is restricted to the specific 
cell walls or physiological circumstances described above, or whether its occurren-
ce is a general feature in the formation of cell walls. To address the occurrance of 
callose and its possible function and relation with cellulose synthesis in "normal" 
primary walls, we chose to study de novo synthesis of callose and cellulose by 
living cells, using respectively decolourized Aniline Blue (Linskens 1957) and 
Calcofluor White (Herth and Schnepf 1980) as probes. Both probes are highly 
sensitive and show a bright fluorescence (Wood and Fulcher 1983). For obvious 
reasons we studied cells from suspension cultures and protoplasts thereof (Willison 
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1986). We used the BY-2 Gö cell line from Nicotiana tabacum (Nagata et al. 
1992) and suspended calli from Morinda citrifolia (Zenk et al. 1975). 
Materials and methods 
Plant material 
Cells of Nicotiana tabacum "Bright Yellow" 2 Gö L. were cultured in 100 ml suspension 
in a modified Linsmaier-Bednar/Skoog (LS) medium, supplemented with 3% sucrose, 255 mg/1 
KH2P04 and 0.2 mg/1 2,4-Dichlorophenoxy-acetic-acid (2,4-D), pH = 5.6, in 300 ml erlenmeyers 
on a rotary shaker (130 rpm) at 25°C in the dark. The cells were subcultured every week 
(Nagata et al. 1992). 
Cells of Morinda citrifolia L. (DSM, Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH, FRG) were grown as a callus on 0.7% agar solidified DAX medium 
(modified Gamborg medium, Zenk et al. 1975), supplemented with 2% sucrose, 2% NZ-amine 
A (Sigma Chem. Co.) and 2.0 mg/1 2,4-D, pH=5.5 at 25°C in the dark. Callus was transferred 
to a liquid medium in order to obtain cells in suspension. After approximately four weeks, cell 
clusters were of appropriate size for further experiments. 
Preparation of protoplasts 
Protoplasts were prepared from early log-phase tobacco suspension cells in 1% (w/v) 
Cellulase "Onozuka" RS (Yakult Pharmaceutical Ind., Co., LTD., Tokyo, Japan) and 0.1% 
Pectolyase Y-23 (Seisha Pharmaceutical Co., LTD., Tokyo Japan) in 0.4 M mannitol for 1 h at 
28°C on a rotary shaker (30 rpm). Afterwards, protoplasts were spun down at 800 rpm/125 g for 
2.5 min and rinsed three times with Fukuda-Murashige-Skoog (FMS) medium (modified MS 
medium plus 1% sucrose, 0.4 M mannitol, 1 mg/1 Benzyladenine (BA) and 0.1 mg/1 a-Naphtale-
ne-acetic-acid (NAA)). Vital and wall-less protoplasts were collected on 0.4 M sucrose. 
Subsequent transfer to FMS medium stimulates the elongation of regenerating protoplast 
(Hasezawa and Syonö 1983). 
Staining procedures 
The presence of callose was studied during the culture cycle of tobacco suspension cells, 
regenerated elongating protoplasts and in small cell clusters of the Morinda culture. Wound 
callose was induced in regenerating protoplasts by vigorously pipetting the cells. Cell aliquots of 
25 μΐ were mixed with 5 μΐ of a decolourized Aniline Blue solution prepared as described by 
Linskens (1957). Cells were immobilized on Vectabond (Vector Lab. Burlingame, USA) treated 
glass slides. Suspension cells were also allowed to dry in the microscope to study possible 
changes in callose deposition. 
The formation of cellulose microfibrils (CMF) was studied during the first six hours of 
protoplast regeneration. Freshly isolated tobacco protoplast were mixed with a stock solution of 
Fluorescent Brightener 28 (Sigma Chem. Co.) or Fluostain-I (Dojindo, Japan, see Mizuta et al. 
1991) resulting in a final dye concentration of 0.005 % (w/v). These dyes are closely related 
derivatives of the more commonly used Calcofluor White ST, that is believed to be absorbed 
parallel to the cristalline core of CMF (Herth & Schnepf 1980). With the present set up, double 
stainings could not be performed. 
Vitality of the cells was constantly monitored using 0.0005% Fluorescein diacetate (FDA, 
Sigma Chem. Co.). 
Epifluorescence of stained cells was observed in a Ortholux/Orthomat microscope 
combination (Leitz Wetzlar, FRG) with the appropriate filters ( BG3 250-450 exciter and S405 
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barrier). Photographs were taken using 100 ISO KONICA positive film, which was reprinted on 
Agfapan 25 ASA negative film or photographed directly on Agfapan 100 ASA negative film. 
Additionally, micrographs were taken using a Nikon inverted microscope Diaphot (model TMD) 
equipped with a CF N Plan Achromat DM 60x in combination with a MRC-500/600 Confocal 
Imaging System (Bio-Rad, Cambridge, Mass., USA). An Argon laser provided the spot source 
for illumination. Optical section thickness was approximately 0.5 μΐη. Photographs were taken 
from a high resolution monochrome monitor on Agfapan 100 ASA negative film. 
Results 
Cells and protoplasts 
The log-phase BY2-G0 cultures showed cells in various stages of the cell 
cycle (Fig. 2a). Most cells had a centrally positioned nucleus and were actively 
deviding. The cells occurred in ribbon/globular or ribbon-like clusters. Some cells 
in the ribbon-like clusters had peripheral nuclei and seemed elongated to some 
extend. Freshly isolated protoplast were globular (Fig. la) but readily elongated in 
the FMS medium (Fig. 4d) Cells gradually increased in length till 5 times the 
original diameter within a time course of 6 to 48 h after transfer to the FMS 
medium. The nuclei of the fresh protoplasts were found in the centre of the cells. 
Their location in the elongating protoplast was just off-centre. The number of 
cytoplasmic strands strongly increased meanwhile. The suspended Morinda cells 
occurred in globular clusters from which single elongated cells detached. 
Cells and protoplasts were vital and showed a clear plasmastreaming and 
FDA staining. Deteriorating cells and protoplasts showed a loss of FDA derived 
fluorescence, a cessation of the plasmastreaming and appearance of intracellular 
fluorescence derived from Aniline Blue or Calcofluor White after staining with the 
dyes. These non-vital cells were discarded. The fluorescence seen in living cells 
after Aniline Blue or Calcofluor White staining, thus, was only present in the wall. 
Cellulose 
Freshly isolated protoplasts of tobacco showed no fluorescence after Calcof­
luor White staining (not shown). Figures lb to 11 show the progressive formation 
of presumed bundles of CMF within the first six hours after removal of the 
original wall. First formations started at various seemingly randomly distributed 
locations at the cells surface (Fig. lb,lc). Gradually the amount of CMF increased 
and they seemed unevenly distributed (Fig. Id and le). A parallel arrangement 
became visible once the entire surface was covered with CMF (Fig. If). Further 
depositions in different orientations underneath indicated the beginning of wall 
layering (Fig. lg-i). Also swirls of parallel CMF were visible. These are the 
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Figure 1. Development of cellulose microfibrils on the surface of regenerating tobacco protoplasts during the first 
six hours after isolation Bar 71 5μπΊ a bright field image of a freshly isolated protoplast with several cytoplasmic 
strands and an off-centre located nucleus b-l fluorescence of CMF stained with 0 005% Fluorescent Bnghlner 28 or 
Fluostaui I b-c CMF development in the first 30 mm showmg relative short microfibrils initiated at different sites 
d-e continuation of CMF deposition in the next 1 5 hrs showing the unevenly distnbuted deposition on the protoplast 
surface f the following hour shows some alignement of CMF g-i the subsequent period of about 2 hrs shows the 
presumable onset of wall layermg and parallel swirling of CMF j during approximately the fifth hour a dense 
framework of CMF has developed with a definite parallelism of CMF in spherical cells к similar as figure j , 
showing a cell with the first signs of elongation Cell axis parallel to the vertical Notice the transverse orientated 
CMF in the centra] cell region and a more dispersed and less dense presence at one of the cell's poles 1 at the end 
of six hours, a cell clearly elongated/ing The CMF are transversely deposited The cell has collapsed showing folds 
in the wall (arrows) Notice the difference in density between the left and right side of the cell 
patterns seen when protoplasts start to elongate. Just elongating protoplasts showed 
transverse oriented cellulose depositions in the middle part, and less abundant and 
more dispersed depositions at the polar regions (Fig. Ik). After six hours some 
cells were clearly elongated and showed transverse cellulose depositions (Fig. 11). 
Callose 
The lateral or longitudinal walls of log-phase cells from tobacco showed 
fibrillar or thread-like formations of callose with a typical near-transverse orientati­
on (Fig. 2b). Callose was clearly and persistently present at the cell plates and 
transverse walls (Fig. 2b). The radiant fluorescence at the transverse walls implies 
a massive deposition of callose there. Viewing from the top showed this fluores­
cence to be restricted to the edges of the plate (Fig. 2c). The centre was stained in 
a patch-like way. 
The pattern of callose in the lateral walls varied during growth of the cell 
culture. At the first day callose was present in spots (Fig. 2d), or short thread-like 
depositions (Fig. 2e). During the next two days the amount of fibrillar depositions 
increased (Fig. 2f) and the thread-like depositions circumvented the cell (Fig. 2g). 
The thread-like depositions were composed of aligned spots, yet they showed 
distinct beginnings and endings. Sometimes the depositions had a extreme fine 
character (Fig. 2h) and were homogenous, no spots could be discerned (Fig. 2i). 
Figure 2. (next page) Callose deposition in vivo in tobacco suspension cells a bright-field image of a group of cells 
at mid log-phase showing various stages of cell growth bar 1ст=100дт, b ι fluorescence of decolourized Aniline 
Blue (DAB) stained cells during the culture cycle of suspension cells Cell plates are indicated with arrow and 
lateral wall callose with arrow heads bar 20/im b mid log-pase cells showing radiant fluorescence of the cell 
plates and fibrillar/lhread-like callose in the lateral walls, с overexposed image of a cell plate in top view, revealing 
the patched structure of callose depositions, d e suspension cells 1 day after subcultunng showing dispersed, 
punctate callose depositions (d) or short fibrillar callose (e), f after 2 days of subcultunng the amount of fibrillar 
callose has mcreased, g after 3 days of subcultunng numerous circumvent fibnllar callose has been deposited 
Notice that the threads seem to be composed of aligned spots, h A cell, 4 days after subcultunng, exhibiting 
extremely fine threads of callose in the lateral wall, ι magnification of a similar cell as in figure h showing the 
homogenous character of the callose threads Notice the beginning/ ending of threads (thin arrows) Bar 5μπι 
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Figure 3. За-с: callose deposition in dried and collapsed suspension cells stained with DAB and viewed with 
standard fluorescence microscopy, a: group of cells 2 days after subculturing showing varying amount and 
abundance of callose between cells. Bar: 30^m, b: similar cells as in figure a after 3 days of subculturing with 
numerous callose depositions. Notice that depositions are always perpendicular to the longitudinal axis of the cells 
regardless of cell shape. Bar: 45μπι. с: as in figure b, neighbouring, close associating cells showingsimilar patterns 
of callose depositions. Compare the cells on the left-hand side with those on the right. Bar: 45/un. 
3d-f: callose deposition in dried and collapsed suspension cells stained with DAB and viewed with confocal laser 
scanning microscopy (CLSM). d: projection of 9 optical sections through the tip of a suspension cell showing thread­
like callose depositions partially radiating away from the tip. Bar: 25^m. e: projection of 4 optical sections through 
the lateral wall of a suspension cell showing the transverse orientation of callose threads. Ваг: 25/im. f: projection of 
2 optical sections through the lateral wall of an elongated cell with transverse orientation of callose threads. Bar: 
25 μ η . 
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Figure 4. Callose deposition in regenerating protoplasts and elongating cells of tobacco stained with DAB and 
viewed with standard fluorescence microscopy (next a: freshly isolated protoplasts showing patch-like callose 
depositions within 30 min. bar 2.5αη=60μΓη, b: as in figure a, showing thread-like and partially parallel aligned 
callose depositions, c: as in figure a and b, after induced wounding radiant fluorescence of spot-like callose at the 
presumed edges of the wound, d: bright-filed image of a 7 day old elongated cell with numerous cytoplasmic strands 
and a just off-centre located nucleus, bar 1.5cm=45/im, e: a similar cell as in figure d showing fine thread-like 
transverse oriented callose, interspersed with fine granular spots, g : as in figure b, after induced wounding callose is 
similarly deposited as in figure с 
Cellulose and callose depositions occurred simultaneously, but the various 
patterns of Calcofluor White and Aniline Blue hardly ever matched. In elongating 
cells and protoplasts, however, the orientation of both cellulose and callose 
depositions was mainly transverse. Three to four days after subculturing, when 
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Figure 5. Callose deposition in suspended cells of Morinda citrifolia stained with DAB and viewed with standard 
fluorescence microscopy, a and c: bright-field image of a globular and elongated cell, respectively, b and d: 
complementary fluorescence images of the cells from figure a and b showing spot-like depositions of callose. Bar: 
32μτα. 
growth declines, most callose depositions had disappeared. Callose was hardly 
found in stationary cultures (not shown). Cells that were allowed to collapse by 
drying retained their pattern of fluorescence and allowed to register callose 
depositions in various cells simultaneously (Fig. 3a-c). No depositions could be 
detected beyond the initially formed callose, and no redistributions were found. 
Figure 3a shows the variation in callose patterns in cells after two days of subcultu-
ring. Three days after subculturing, besides massive depositions, extreme fine 
patterns of callose were observed in the lateral walls (Fig. 3b). Neighbouring cells 
showed similar patterns of callose (Fig. 3c). Optical sections made with the CLSM 
revealed a scattered, thread-like deposition of callose in the tip of the cell (Fig. 
3d). 
Freshly isolated protoplasts showed thread (Fig. 4a) and/or patch-like (Fig. 
4c) callose depositions within the first hour after isolation. They distinctly differed 
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from wound-induced callose (Fig. 4b). Fine thread-like depositions of callose, 
interspersed with fine granular deposits were visible in elongating protoplasts (Fig. 
4e). These thread-like depositions had a transverse or near-transverse orientation 
(Fig. 3e-f). Wound-callose was easily recognized as intense radiant spots surroun-
ding an unstained area (Fig. 4f). Suspended cells of Morinda invariably showed 
fine granular spots of callose in both cell clusters and single elongated cells (Fig. 
5b and 5d). Thread-like structures were never observed. As in tobacco cells, 
callose seemed to be transiently present. 
From the CLSM observations it was clear that callose depositions occurred 
always near to the plasma membrane. 
Discussion 
The BY2-G6 cells of tobacco did not show the typical globular cell clusters 
seen in the original cell line (see Nagata et al. 1992), but a ribbon-like clustering 
with partially elongated cells. Such variations may occur after subculturing and are 
a common feature in most cell suspensions (e.g. Henshaw et al. 1965, Liau and 
Boll 1970). Elongating cells do not contribute to cell-culture growth as their 
peripherally located nuclei indicate absence of mitotic activity (Katsuta et al. 1990, 
Shibaoka 1992). Elongating, regenerating protoplasts showed a similar nuclear 
positioning (see also Verbelen et al. 1992). The central position of the nuclei in 
suspension cells should be taken as a marker for mitotic activity (Katsuta et al. 
1990, Shibaoka 1992). On the other hand, the central position of the nuclei in 
freshly isolated protoplasts is a direct result from enzymatic wall degradation and 
not of mitotic activity (e.g. Lloyd et al. 1980, Katsuta and Shibaoka 1988). 
Calcofluor White supposedly absorbs to the crystalline core of the CMF 
(Herth and Schnepf 1980, Burgess 1983), but as it interferes with cellulose 
crystallization (Haigler et al. 1980, Itoh et al. 1984) it could be used only for short 
periods. Single or small bundles of CMF may be detected by Calcofluor White 
(Hasezawa et al. 1989), but its sensitivity may depend on the extend of cellulose 
crystallization (Blashek et al. 1982, Herth and Meyer 1977). Calcofluor White 
may also bind to pectins (Colvin and Leppard, 19..), but used in sufficiently low 
concentrations, binding remains neglectable. The patterns seen by Calcofluor White 
staining (Hasezawa et al. 1989) are the same as those observed in the electron 
microscope (van Amstel, not shown). These observations are contradictory with 
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those made withe confocal scans on protoplasts using Congo Red (Verbelen and 
Stickens 1994). 
Aniline Blue staining is hardly detrimental to the cell. For instance, pollen 
tube growth may even be increased (Kappler 1988) and stress from dehydration 
does not alter the staining patterns. Moreover, after cell wounding complete 
different staining patterns evolve (see also Stone and Clarke 1992). The sensitivity 
of Aniline Blue is variable and very low if the callose is part of more complex wall 
components (Evans et al. 1984). Generally, Aniline Blue staining coincides well 
with electron microscopic observations and antibody stainings (e.g. van Amstel et 
al. 1994). Although Calcofluor White and Aniline Blue may be selective and not 
completely specific, but the results are consistent and are considered to be genuine. 
Cellulose formation started at distinct sites on the protoplast surface. These 
scattered patterns seem to occur commonly (Willison 1986, Burgess et al. 1983, 
Katsirdakis and Roubelakis-Angelikis 1992). The time-course of wall renewal, 
however, seems highly variable (e.g. Pojnar et al. 1967, Nagata & Takebe 1970, 
Williamson et al. 1977). The tobacco protoplasts developed a organized texture 
within six hours, which is much faster than earlier reports on BY2-GÖ cells where 
regeneration took 24 h (Hasezawa et al. 1989). This difference may not only result 
from different isolation procedures, but also from changes in the cell line, due to 
sub-culturing (Cassels and Temma 1987). The organized pattern of cellulose 
deposition on spherical protoplasts demonstrates a polarization of these cells before 
actual elongation occurs. The early wall shows layers with parallel swirls in 
changing orientations, similar to those in spherical cells of the alga Boergesenia 
(Legge & Brown 1988). In the alga Boodlea (Mizuta et al. 1991) the texture was 
described to change from random to helicoidal (see also Mizuta et al. 1994). The 
often reported absence of birefingence is inconclusive as for example the highly 
ordered helicoidal and cross- lamellate walls do not show birefingence (Emons 
1986). Moreover, Wolters-Arts and co-workers (1993) showed that primary walls 
may be organized in a helicoidal-like fashion. 
During elongation the typical transverse orientations (e.g. Hasezawa et al. 1989) 
become visible. This pattern may be similar to those seen in the elongating walls of 
the BY2-GÖ cell line. These cells show the typical S-Z helix alternations that were 
reported for the walls of elongating cells (Wolters-Arts et al. 1993) 
The cell plates and the transverse walls are distinctly marked by the presence 
of callose (Fulcher et al. 1975). The patches of callose in the central region are 
113 
probably associated with the plasrnodesmata (Longly and Waterkeyn 1977). The 
difference in intensity of fluorescence between marginal and central regions has 
been attributed to differences in molecular weight or to conformational changes of 
the callose (Kakimoto and Shibaoka 1992). However, as the callose deposits form a 
closed ring at the edge, it is suggested that callose may be involved in connecting 
the initial walls of the cell plate with the primary, lateral walls. Tobacco BY2-G5 
cells show an increase in spot-like and fibrillar callose deposits in the lateral walls 
during growth of the culture and a decrease when growth ceases. Similar deposits 
occur during early wall regeneration and elongation of the protoplasts. As these 
depositions do not result from cell death, wounding, dehydration or staining, they 
are probably directly related to wall formation. This concords with the study of 
Kauss and Jeblick (1991) who showed that callose synthesis is not merely a result 
of non-specific membrane perturbation (see also Stone and Clarke 1992). 
In walled cells and protoplasts of the BY2-G6 cell line, the simultaneously 
occurring deposits of cellulose and callose have the same orientation. As shown in 
developing cotton hairs, transient, fibrillar callose formations anticipate similar 
oriented CMF depositions (Waterkeyn 1981). Though function and exact relation 
with cellulose synthesis remains open (for discussion see Waterkeyn 1981), it may 
be assumed that the thread-like callose depositions are somehow related to a change 
in cellulose deposition. Maybe, the CMF synthesizing complexes in the plasma-
membrane are destabilized in such a situation and start callose synthesis (Northcote 
1984). The callose deposits of elongating cells could still be functional as they 
would stabilize, at least temporarily, the new organization of the plasmamembrane 
and thus consolidate new directionality of CMF deposition. The versatility of such 
function may explain their absence in Morinda and the differences in patterns 
shown in many walled cells and protoplasts (Klein et al. 1981, Mock et al 1990, 
Northcote 1984, Schaeffer and Walton 1990). Likewise, the spot-like callose 
deposits in walled cells may stabilize or connect the plasmamembrane to the cell 
wall at the sites of the plasrnodesmata (Longly and Waterkeyn 1977), ectodesmata 
(van Amstel 1994) or to non-plasmodesmal binding sites for the Hechtian strands 
(Ponte-Lezica 1993, Oparka et al. 1994). 
Acknowledgements 
I would like to thank H Geurts and M Peters for their help in designing and constructing the 
perfusion chambers. 
114 
References 
Abo El-Nil MM and AC Hildebrandt (1976) Cell wall regeneration and colony formation from 
isolated single Geranium protoplasts in microculture. Can. J. Bot. 54:1530-1534 
Amstel van ANM and J Derksen (1993) The complex helical texture of the secondary cell wall 
of Urtica dioica is not controlled by microtubules: a quantitative analysis. Acta Bot. 
Need. 42(2): 141-151 
Amstel van ANM, В Knuiman and J Derksen (1994) The ontogeny of the pollen tube wall. 
submitted 
Blaschek W, H koehler, U Semler and G franz (1982) Molecular weight distribution of cellulose 
in primary walls. Planta 154:550-555 
Burgess J (1983) Wall regeneration around isolated protoplasts. Int. Rev. Cyt. Suppl. 16 
pp. 55-77 
Cassells AC and L Tamma (1987) Survival and division in protoplasts from tobacco (Nicotiana 
tabacum) depends on the physiological state of the individual donor plant. Physiol. Plant. 
69:317-322 
Colvin JR and GG Leppard (1973) Fibrillar, modified poly-galacturonic acid in, on and between 
plant cell walls. In: Biogenesis of plant cell wall polysaccharides, ed. F Loewus, Acad. 
Press, New York, pp. 315-331 
Emons AMC (1986) Cell wall texture in the root hairs of the genus Equisetum. Can. J. Bot. 
64:2201-2206 
Emons AMC (1988) Methods for visualizing cell wall texture. Acta Bot. Need. 37(l):31-38 
Emons AMC, J Derksen and MMA Sassen (1992) Do microtubules orient plant cell wall 
microfibrils? Physiol. Plant. 84:486-493 
Evans NA, PA Hoyne and BA Stone (1984) Characteristics and specificity of the interaction of a 
fluorochrome from aniline blue (Sirofluor) with polysaccharides. Carbohydr. Polym. 
4:215-230 
Fulcher RG, ME McCulley, G Setterfield and J Sutherland (1975) /M,3-Glucans may be 
associated with cell plate formation during cytokinesis. Can. J. Bot. 54:539-542 
Galbraith DW (1981) Microfluorimetric quantitation of cellulose biosynthesis by plant proto 
plasts using Calcofluor White. Physiol. Plant. 53:111-116 
Haigler CH, RM Brown Jr. and M Benziman (1980) Calcofluor White ST alters in vivo 
assembly of cellulose microfibrils. Science 210:903-905 
Hasezawa S and К Syonö (1983) Hormonal control of elongation of tobacco cells derived from 
protoplasts. Plant & Cell Physiol 24(1): 127-132 
Hasezawa S, Τ Hogetsu and К Syonö (1989) Changes of actin filaments and cellulose fibrils in 
elongating cells derived from tobacco protoplasts. J. Plant Physiol. 134:115-119 
Henshaw GG, KK Jha, AR Mehta, D Joan Shakeshaft and HE Street (1966) Studies on the 
growth in culture of plant eels. 1. Growth patterns in batch propagated suspension 
cultures. J. Exp. Bot 17(51):362-377 
Herth W and Y Meyer (1977) Ultrastructural and chemical analysis of the wall fibrils 
synthesized by tobacco mesophyll protoplasts. Biol. Cellulaire 30:33-40 
Herth W and E Schnepf (1980) The fluorochrome, Calcofluor White, binds oriented to structural 
polysaccharide fibrils. Protoplasma 105:129-133 
Itoh T, RM O'Neil and RM Brown Jr. (1984) Interference of cell wall regeneration of Boergese 
nia forbesii protoplasts by tinopal LPW, a fluorescent brightening agent. Protoplasma 
123:174-183 
Kakimoto Τ and H Shibaoka (1992) Synthesis of polysaccharides in phragmoplasts isolated from 
115 
tobacco BY-2 cells. Plant Cell Physiol 33(4):353-361 
Kappler R (1988) Polysaccharidesekretion und Zellwandbildung während des Pollenschlauch 
Wachstums von Nicotiana tabacum L. in Suspensionskultur. Ph.D. Thesis, University of 
Hamburg, FRG 
Katsirdakis КС and KA Roubelakis-Angelikis (1992) Ultrastructural and biochemical aspects of 
cell wall reconstitution in recalcitrant (grapevine) and regenerating (tobacco) leaf 
protoplasts. In Vitro Cell. Dev. Biol. 
Katsuta J, Y Hashiguchi and H Shibaoka (1990) The role of the cytoskeleton in positioning of 
the nucleus in premitotic tobacco BY-2 cells. J. Cell Sci. 95:4 
13-122 
Katsuta J and H Shibaoka (1988) The roles of the cytoskeleton and the cell wall in nuclear 
positioning in tobacco BY-2 cells. Plant Cell Physiol 29(3)403-Ш 
Kauss H and W Jeblick Induced Ca2+ uptake and callose synthesis in suspension-cultured cells of 
Catharanthus roseus are decreased by the protein phosphatase inhibitor okadaic acid. 
Physiol. Plant 81:309-312 
Klein AS, D Montezinos and DP Delmer (1981) Cellulose and 1,3-glucan synthesis during the 
early stages of wall regeneration in soybean protoplasts. Planta 152:105-114 
Legge RL and RM Brown Jr. (1988) Modification of protoplast cell wall regeneration by 
membrane perturbation. Protoplasma 143:38-42 
Linskens HF (1957) Eine spezifische Anfärbung von Pollenschläuchen im Griffel. Mikrokosmos 
46(7): 164-165 
Liau D-F and WG Boll (1970) Growth, and patterns of growth and division, in cell suspension 
cultures of bush bean (Phaseolus vulgaris vc. Contender). Can. J. Bot. 49:1131-1139 
Lloyd CW, AR Slabas AJ Powell and SB Lowe (1980) Microtubules, protoplasts and plant cell 
shape. Planta 147:500-506 
Longly В and L Waterkey η (1977) Étude de la cytocinèse. I. Les stades callosiques de la plaque 
cellulaire somatique. La Cellule 72(1-2): 197-224 
Mizuta S, S Katoh, Τ Harada H Yamada, К Okuda and Τ Morinaga (1991) Involvement of 
cytoskeletal microtubules in microfibrillar patterns in the cell walls of the developing coe-
nocytic alga, Boodlea coacta. Botanica Marina 34:417-424 
Mizuta S, A Watanabe, S Kimura and К Yoshida (1994) Possible involvement of membrane 
fluidity in helicoidal microfibrillar orientation in the coenocytic green alga, Boergesenia 
forbesii. Protoplasma 180:82-91 
Mock Η-P, M Emmerling and HU Seitz (1990) Cell wall synthesis in carrot cells: comparison of 
suspension-cultured cells and regenerating protoplasts. Physiol. Plant. 79:347-353 
Nagata Τ and I Takebe (1970) Cell wall regeneration and cell division in isolated tobacco 
mesophyll protoplasts. Planta 92:301-308 
Nagata Τ, Y Nemoto and S Hasezawa (1992) Tobacco BY-2 cell Hone as the "HeLa" cell in the 
cell biology of higher plants. Int. Rev. Cyt. 132:1-30 
Northcote DH (1984) Control of cell wall assembly during differentiation. Giom. Bot. Ital. 
118:41-51 
Oparka KJ, DAM Prior and JW Crawford (1994) Behaviour of plasma membrane, cortical ER 
and plasmodesmata during plasmolysis of onion epidermal cells. Plant Cell and Environ­
ment 17: 163-171 
Pojnar E, JHM Willison and EC Cocking (1967) Cell-wall regeneration by isolated tomato-fruit 
protoplasts. Protoplasma 64(4):460-480 
Pont-Lezica RF, MS Firminger and LA Dobrindt (1993) Wall-to-membrane linkers in onion 
epidermis: some hypotheses. Plant, Cell Environment 16:111-123 
116 
Sassen MM A, AMC Wolters-Arts and JA Traas (1986) Deposition of celulose microfibrils in 
cell walls of root hairs. Eur. J. Cell. Biol. 37:21-26 
Schaeffer HJ and JD Walton (1990) Aluminum ions induce oat protoplasts to produce an 
extracellular (l-3)0-D-glucan. Plant Physiol. 94:13-19 
Shibaoka H (1992) Cell wall-cytoskeleton interaction in tobacco BY-2 cells. In: Plant Cell Walls 
as Biopolymers with Physiological Functions, Yamada Science Foudation, Osaka 
Stone BA and AE Clarke (1992) Chemistry and biology of (l->3)-/3-glucans. La Trobe 
University Press, Victoria, Australia 
Verbelen J-P, D Lambrechts, D Stickens and W Tao (1992) controlling cellular development in 
a single cell system of Nicotiana. Int J. Dev. Biol. 36:67-72 
Verbelen J-P and D Stickens (1994) Determination of cellulose fibril orientation in cell walls 
with CLSM. Acta Bot. Neerl. 43(3):277. Meeting of the royal society of the Nether­
lands, november 5 1993 
Vian В, J-C Roland and D Reis (1993) Primary cell wall texture and its relation to surface 
expansion. Int. J. Plant Sci. 154(1): 1-9 
Waterkeyn L (1981) Cytochemical localization and function of 3-linked glucan callose in the 
developing cotton fiber cell wall. Protoplasma 106:49-67 
Williamson FA, LC Fowke, G Weber, F constabel and О Gamborg (1977) Microfibril 
deposition on cultured protoplasts of Vicia hajastana Protoplasma 91:213-219 
Willison JHM (1986) Isolated protoplasts as laboratory tools in the study of cell wall deposition. 
In: Plant Protoplasts, eds. LC Fowke and F Constabel CRC Press, Ine, Florida, USA 
Wolters-Arts AMC, Τ van Amstel and J Derksen (1993) Tracing cellulose microfibril orientati 
on in inner primary cell walls. Protoplasma 175:102-111 
Wood PJ and RG Fulcher (1983) Dye interactions. A basis for specific detection and histochem 
stry of polysaccharides. J. Histochem. Cytochem. 31(6):823-826 
Zenk MH, El-Shagi H, Schulte U (1975) Anthraquinone production by cell suspension cultures 
of Morinda citrifolia. Planta Medica Suppl.: 79-101 
117 

CHAPTER 7 
A putative relationship between callose and 
ectodesmata (ectoteichodes, teichodes) 
in epidermal cells of Allium сера L. 
ANM van Amstel 
submitted 
Abstract. The outer wall of adaxial epidermal cells of onion bulb scales shows 
punctate callose depositions. The abundance of these callose depositions is highly 
variable, and seems to correlate with the appearance of ectodesmata. It is supposed 
that callose is involved in the regulation of ectodesmata as waterflow regulator 
and/or molecular filter, thus influencing cell/environment interaction. 

Introduction 
The contact of plant cells with the environment is at least partly established 
through ectodesmata (Schumacher and Halbsguth 1939). However, the plasmatic 
origin of these structures could be refuted (Franke 1964) and thus, subsequently, 
were called (ecto-) teichodes (Franke 1971). Teichodes are considered to be 
submicroscopical wall-traversing structures with specific physico-chemical proper-
ties (see Panic and Franke 1979), which can be demonstrated using a HgCl2-
containing fixative. Reducing agents along the wall will form mercurous precipita-
tes on the outside of the cuticle (Schönherr and Bukovac 1970). In Light microsco-
py, the precipitates appear in transverse light-microscopical sections as wall-
perpendicular lines various features (see Lambertz 1954, Schnepf 1959). At the 
electron-microscopical level no specific differences seem to occur comparing wall 
parts with or without precipitate (Heide-Jergensen 1978, Lyon and Mueller 1974). 
However, Zoeten et al. (1972) claimed that at the ectodesmal sites the cellulose 
"micelles" were pulled apart. 
The direct contact of ectodesmata with the environment led to several propo-
sals concerning their biological activity. A relationship resides in the control of 
cuticular evaporation (e.g. Linskens et al. 1965, Lambertz 1954, Litz and Kimmins 
1971). Secondly, they seem to be involved in extrusion (Franke 1964) and specific 
excretion (Kaufmann et al. (1971). Furthermore, cells react to viral infections with 
changing amounts of ectodesmata, although the ectodesmata are not the site of 
infections as such (van den Ende and van Hoek 1966, Zoeten et al. 1972, Panic 
and Franke 1979). 
Ectodesmata are present in cells that are contiguous with the environment or 
non-self tissue (Schumacher and Halbsguth 1939). Such cell types show also the 
presence of callose. Specialized epidermal cells, like guard cells or cotton hairs and 
also pollen tubes, form callose in a permanent or transient manner. Moreover, 
callose is induced through wounding or various types of invasive contact (see for 
review Stone and Clarke 1993). Obviously, callose plays an important role in the 
function of these different cell types. Some regulatory function in water transport 
and/or selective passage of substances is assumed. The distribution of callose 
depositions in most cells is very distinct. For example, stomatal cells, especially 
guard cells, show alined spot-like formations of callose (Peterson et al. 1975, 
Waterkeyn and Bienfait 1979) which can be permanent, but also transient during 
development of the cells. Guard cells also react heavily with ectodesmata-revealing 
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stainings (Lambertz 1954, Schumacher 1957, Sievers 1959). Waterkeyn and 
Bienfait (1979) suggested a role for callose in evaporation in relationship to 
ectodesmata. To conduct a preliminary survey on a possible role of callose in 
ectodesmal appearance, adaxial-epidermal cells from onion bulb scales were 
selected. Obviously, because the material is convenient and the demonstration of 
ectodesmata in these cells is "relatively" easy (Franke 1964, Schönherr and 
Bukovac 1957a-1957b). Furthermore, onion cells have been used to show the 
formation of callose at the site of pits and during plasmolysis (Currier and Strugger 
1955, Eschrich 1957) and the localization of a presumed callose-synthase interac-
ting protein (Delmer et al. 1993). 
Material and methods 
Plant material 
Onion bulbs (Allium cepa L.) were purchased from a local market. The third scale, 
beneath the hardened, brown outer scales, was used for experiments. Adaxial-epidermal strips 
were carefully removed from pre-trimmed scales and cut into pieces of 1.0 χ 0.5 cm. The 
segments were placed in Linsmaier-Bednar and Skoog (LS) cell culture medium supplemented 
with 3% sucrose, 255 mg KH2P04/1, 0.2 mg 2,4-dichloro-phenoxy-acetic acid (2,4-D)/l at final 
pH = 5.6 and incubated at 28°C. The cells remain vital in this medium for a prolonged time 
showing a regular cytoplasmic streaming and no plasmolysis. 
Staining 
Segments were stained with decolourized aniline blue to identify callose by fluoescence 
microscopy (Linskens and Esser 1957) and/or treated with a Gilson solution to localize ectodes­
mata at various time intervals (Schumacher and Halbsguth 1939, Schnepf 1959). The Gilson 
mixture contained 40 ml 30% ethanol, 10 ml formic acid, 5 ml 37% formaldehyde solution 
(formaline), 2 g oxalic acid and finally saturated with HgCl2 (2-3 g). Segments were incubated in 
1.5 ml Gilson solution in Eppendorf tubes at 38°C for 6 or 12 h. Afterwards, they were rinsed 3 
times 30 min with 30% ethanol to remove excess HgCl2. Cell wounding was induced by shearing 
strips along the edges of a glass slide. Plasmolysis was induced using a 1.0 M sucrose solution. 
Segments were viewed in a Leitz Orthoplan Vario Orthomat equipped for fluorescence microsco­
py with the appropriate filters. Selected images were photographed using Agfapan APX 100 ASA 
professional film. 
Statistical analysis 
The relationship between callose depositions and mercurous precipitates was tested by 
determining their abundance per 1500 μπι2 (density), from photographs at suitable magnifica­
tion, using a square frame fitting within the wall boundaries of the epidermal cells. The 
distribution of the density of callose depositions and mercurous precipitates was tested for 
normality. A comparison was made of distributions of densities between different segments and 
treatments (i.e. stainings), using a Kolmogorov-Smirnov test and a Mann-Whitney U test for 
unpaired observations. 
122 
Results 
The treatment of onion epidermal cells with decolourized aniline blue results 
in the typical fluorescence of callose near the site of plasmodesmata in the anticli-
nal (Figure 1.) and periclinal walls (Figure 6.). The fluorescence develops immedi-
ately at the strip-edge and within 10 min all cells from a strip stain equally. 
Wounding of cells instantaneously results in radiant callose depositions (Figure 2.). 
During the process of plasmolysis a gradual increase of extraplasmatic callose is 
formed between the wall and the retracting protoplast (Figure 3.)· 
A peculiar deposition of callose was found at the outer-wall (Figures 4. to 
6.). The abundance of these spot-like callose depositions varies between strips 
isolated from different onions (compare figures 4. and 5.)· Apparently, the spots 
are localized between the plasmalemma and the cell wall as the depositions follow 
the curvature of the outer wall (see Figure 6.)· 
The presence of these spot-like callose depositions greatly varies. The incubation 
temperature of strips influences the amount of depositions found. They are hardly 
found if the temperature of incubation is lower than 20°C. However, their 
presence is clearly independent of the incubation time. Strips incubated at 28°C for 
several hours up to 24 h did develop callose depositions with a variable abundance, 
ranging from a high abundance to no formation of callose depositions at all. 
Moreover, they were also found in freshly prepared strips. The addition of 2,4-D 
enhances their abundance, but again with a high degree of variability. 
Onion epidermal cell strips, treated with the Gilson solution, show a typical 
formation of mercurous precipitate on the cuticle (figures 7. to 9.). The reaction of 
cells within a strip is fairly equal (Figure 7.). At higher magnification it can be 
observed that the precipitate is preferentially formed at the periclinal walls omitting 
the area near to the anticlinal walls underneath. The amount of precipitate is highly 
variable (compare figures 8. and 9.). The precipitates are noticably larger in 
epidermal strips with a low abundance of these precipitates indicating an intensified 
extrusion of reducing agents or a difference in composition of these agents. The 
Gilson solution results in a good preservation of nuclei and the cytoplasm. The 
variability of the reaction of the epidermal cells with the Gilson solution coequals 
with the similar variability of the amount of callose depositions. Moreover, it was 
found that if callose depositions were well-developed (Figure 6.), the reaction with 
the Gilson solution resulted in an equivalent manner (Figure 9.). Yet, a double 
staining/treatment did not provide the necessary information for a codistribution. 
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The impossibility to show all the callose depositions in the same focus level causes 
to some extent an inability for a comparison with the distribution of mercurous 
precipitates as these are formed on the cuticle and are all in focus. 
To partially circumvent this problem the distribution of the density of both 
structures was determined and tested (Table 1.)· All populations were not normally 
distributed. If callose depositions with a high abundance are compared with similar 
abundant mercurous precipitates using the Mann-Whitney U test, it shows that their 
distribution of densities may originate from a similarly distributed population 
(p<0.001). On the other hand if a sample with a low abundance of mercurous 
precipitates is compared with a high abundant callose deposition or mercurous 
precipitates, no significant similarity of population density distribution exists. The 
form of distribution between high callose density and high mercurous density are 
significantly comparable according to a Kolmogorov-Smirnov test (p<0.05). 
Tabel 1. Density of 
callose depositions and 
mercurous precipitates in 
onion epidermal cells 
The callose depositions 
with a "high" density (1-
HD/CD) η=72, "high" 
density of mercurous 
precipitates (2-HD/MP) 
n=65, and "low" density of mercurous precipitates (3-LD/MP) n = / 2 The amount of depositions and precipitates 
was determined from a square trellis of 1500 firn2 The distribution of the different populations was cross tested with 
a Mann-Whitney U test Only the i/-value indicated with an astenlcs showed a significant similarity of the distributi­
on of the two tested populations ( p < 0 001) 
1-HD/CD 
2-HD/MP 
3-LD/MP 
Mean 
44 14 
36 78 
14 25 
SEM 
2 32 
1 28 
0 69 
cov 
44 56 
28 01 
41 20 
Skewness 
+0 37 
+0 47 
-0 06 
Kurtosis 
-0 72 
-0 62 
-0 87 
U statistic 
1 2 1844' 
2-3 4621 
1-3 284 
Figures 1-6. (left page) Onion epidermal cells stained with decolourized aniline blue to identify callose by 
fluorescence Bar 20μπι Fig. 1. Plasmodesmata, focussed at the median level of the cells Fig. 2. Wound callose 
formation induced by shearing a strip over the edge of a glass slide, focussed at the outer wall face Fig. 3. 
Extraplasmatic callose formation after plasmolysis induced by a raised sucrose concentration focussed at a median 
plane Fig. 4. Spot-like callose deposition with a low density focussed on the outer wall face Fig. 5. Similar 
deposition of spot-like callose depositions with a markedly higher density Fig. 6. Similar to figure 5 , focussed 
between the median plane and the outer wall face, showing that depositions are formed internally ι e , between 
plasmalemma and the wall, following the concave outer-wall face Figure 7-9. Onion epidermal cells treated with the 
Gilson solution to demonstrate ectodesmata Fig. 7. Part of an epidermal strip showing a large number of mercurous 
precipitate at the outside face of the cells on the cuticle Bar ΙΟΟμιη Fig. 8. Similar treated strip as in figure 7 , 
showing the precipitate in detail Notice that hardly any precipitate is found below the site of the anti-clmal walls 
Bar 40/¿m Fig. 9. As in figure 8 , the precipitates are present in a far lower density. Notice that the precipitates are 
distinctly larger Furthermore, nuclei and plasmic strands are well preserved (arrows) Bar 40μιη 
Discussion 
Staining of onion epidermal cells with decolourized aniline blue reveals 
permanent callose depositions at the site of the plasmodesmata. They are easy 
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distinguishable from wound-induced or plasmolysis-induced callose formations. 
These observations are in perfect agreement with the findings of Currier and 
Strugger (1955) and Eschrich (1957). 
The formation of spot-like callose depositions at the outer-longitudinal walls is a 
novel phenomenon. Regarding the other types of callose depositions, it is excluded 
that they originate from (partial) plasmolysis or (deliberate) wounding. Callose 
depositions are always found between the plasmalemma and the cell wall as it is 
commonly demonstrated in pollen tubes (e.g Kroh and Knuiman 1982) or specifi­
cally in developing cotton hairs (Waterkeyη 1981). The spot-like appearance of 
callose has been well-recognized in other cell types. Spot-like depositions were 
found in the guard cells of stornata (Peterson et al. 1975, Waterkeyn and Bienfait 
1979), the cell plate (Waterkeyn 1967) and tobacco pollen tubes and suspension 
cells (van Amstel and Kengen 1992). 
The demonstrability of the spot-like callose depositions in onion epidermal 
cells is liable to variable inconstantcy. This variability seems to coincide with the 
effect of factors influencing the visualization of ectodesmata using the HgCl2 
(sublimate) containing Gilson solution. Age, and condition of onion bulbs, tempe­
rature of incubation and the presence of 2,4-D are recognized parameters in the 
demonstrability of ectodesmata in this study. Several parameters are known 
controlling the presence as well as the evincement of ectodesmata. The temperature 
of the fixative e.g., has an optimum of 38°C. Freezing, wilting, the age of the 
biological material, circadian rhythm and climatological parameters influence the 
amount of detectable ectodesmata. The presence of amino-acids, ascorbic acid or 
2,4-dichloro-phenoxy acetic acid on leave surfaces clearly raise the visibility of 
ectodesmata (Lambertz 1954, Schnepf 1956). The capaciousness of the ectodesma-
ta-revealing process is acknowledged here as well. 
The observation that if callose depositions are well-developed, ectodesmata were 
found in similar densities too, suggests a logical correlation between the pair. 
Moreover, the analysis of the density distribution of mercurous precipitates and 
callose depositions supports such a correlation. Yet, the abundance of callose 
depositions tends to be slightly higher, but may concord with the known branching 
of the ectodesmatal pathways at the plasmatic side. Additionally, ectodesmata are 
found in close associated pairs. Hence, an one to one physical relationship is 
considered not to be absolutely necessary. 
The relationship of callose with the ectodesmata is presumably of a regulatory 
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nature. Currier and Strugger (1955) already supported the view that callose may 
have a sealing or plugging function in plant cells. The nature of sealing and 
plugging is still a matter of debate (see also Stone and Clarke 1993). Considering 
the spot-like callose depositions, such a function seems likely. This type of 
relationship has already been suggested by Waterkey η and Bienfait (1979) for 
stomatal guard cells in the notition of an ectodesmata controlled evaporation 
mechanism. The ability of callose to withhold water to a considerable extent 
(Eschrich and Eschrich 1964), its presumed edemical regulatory action in phloem 
transport (Eschrich 1975) and its supposed specific filtering capacity (Heslop-
Harrison and MacKenzie 1967, Rodriguez-Garcia and Majewska-Sawka 1992) 
allows to ascribe similar properties to callose related to ectodesmata. How callose 
actually performs will remain obscure until more substantial data come available 
concerning its general physico-chemical properties and action and how its presence 
is physiologically controlled. A putative relationship between callose depositions 
and ectodesmata in comparison with callose and plasmodesmata addresses intrinsi-
cly to cell-cell and cell-environment interaction, respectively. The recognition of 
such a function would underline the presence and importance of a sophisticated 
mechanism of apoplastic contact. In this context the fine punctate depositions of 
callose also relate to the cytoplasmic occurence of Hechtian strands (Strasburger et 
al. 1983). Although it was believed that these strands are exclusively connected to 
thousands of plasmodesmata, Pont-Lezica et al. (1993) have shown that these 
strands are also attached to the outer-wall, which obviously lacks plasmodesmata. 
These Hechtian attachment sites seemed to correspond with wall- and membrane 
HRGP antigens. It was hypothesized that if these antigen sites correlate, they might 
have a function comparable with cell- and substrate adhesion molecules, interlin­
king cytoskeletal elements and the extracellular matrix (see also Sanders and Lord 
1993, Bolwell 1993). A colocalization of "Hechtian attachment sites" and membra­
ne-wall anchored callose synthase complexes is certainly plausible. If the attach­
ment sites also contain the area of Ca2+ influx, induced through mechanosensory 
channels, the induction of callose at these restricted sites would be in perfect order 
with the known callose induction through Ca2+ as described by Kauss (1987). 
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CHAPTER 8 
Summary 

This thesis concerns the significance of the cellulose network in plant cell walls. 
The consecutive element for cell shape and cell growth, expressed by the cellulose 
microfibrils wrapping the plant cell, was demonstrated in the chapters 2, 3, 4 and 
5. 
The role of callose, the semi-transient, cell-wall/membrane associated 
polysaccharide, was approached in the chapters 5, 6 and 7. Especially, the chapters 
5 and 6 emphasized the interrelationship between callose- and cellulose synthesis. 
The interaction of callose with the environment was mainly presented in chapter 5, 
but was more pronounced in chapter 7. 
The general introduction has framed the current state of the questions 
concerning the expression and significance of callose and cellulose synthesis in 
plant cell development. The following demonstrates the comprised summaries of 
the different chapters with some extension on conclusions. 
In chapter 2, cellulose microfibril orientation was quantitatively determined in 
primary cell walls of different cell types. Nascent CMF showed to be present at 
various orientation. Dissecting these orientations through the thickness of the wall 
has proved that subpopulations of orientation exist. Examination of under- and 
overcrossing CMF indicated a variable, gradual shift of CMF orientation at 
different levels in the wall. Succesive orientation of CMF follows a clockwise or 
anti-clockwise direction, and equally varied between cells. Moreover, within a 
single cell, this rotation may switch in sign. Depending on time as a variable of 
delayed or accelerated CMF deposition, some orientations were more abundant and 
showed a higher density of CMF or the opposite. Within cell walls at one specific 
surface plane, the phase of orientation of deposition of CMF showed differences as 
well as the occurence of interwoven CMF. As a result spatially defined layers or 
lamellae can not be discerned. 
Generally, helicoidal walls can be recognized because the spatial succesive 
CMF deposition results in definable layers or lamellae. Although the deposition of 
CMF in primary cell walls is spatially more dependent on variations in time of 
CMF deposition, primary cell walls must be considered to be formed in a helicoi-
dal way. 
The quantitative analyses in chapter three of the Urtica root hair texture, 
showed that the secondary wall is constituted of two alternating helices of CMF. 
The S helix is substantially predominant, yet interwoven with Z-helical oriented 
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CMF. In view of the previous chapter it was assumed that this texture type may be 
regarded as a derivative-form of CMF deposition in the primary wall. The 
helicoidal shift in the secondary wall is arrested and thus expressed two predo-
minant helical orientations. Conclusive evidence might be derived studying the 
transition zone in root hairs and comparable systems. Chapter 3 also showed that 
the orientation of the cortical microtubule system was not in agreement with CMF 
orientation. Thus, this study contributes to the extensive list of other observations 
were no direct spatial control of microtubules was found in orienting CMF. 
The information obtained from pollen tube textures (chapter 5) corroborated 
with the data in the first two chapters. These tip growing cells showed a texture in 
the tip, which did not differ from the texture found in the tubular part. No 
indication for a reorientation of CMF was found. Pollen tubes presented a texture 
consisting of two opposing, quantitatively equal helices like in most other cell 
types. The crossing of simultaneously formed CMF helices is in accordance and 
compatible with an helicoidal system of CMF deposition. Quantitative or directio-
nal shifts of the helices was considered to be related to temporal growth changes. 
The secondary wall in pollen tubes contains a callose-imbedded cellulose network, 
and also expressed the presence of two, yet, inequal helices. Conducting extended 
texture analysis shall have to confirm the compatibility of pollen tube textures with 
the helicoidal principle of CMF deposition. 
So far, evidence for a controlled CMF deposition has been derived from 
extracted wall material obtained from tissues or single-cell systems. The sequential 
deposition of CMF at the surface of living cells was demonstrated here for the first 
time (chapter 6). Using regenerated tobacco protoplasts, monitored in vivo with 
specific cellulose probes, proved that cells orderly deposited CMF from the early 
onset of wall regeneration. Without exceptions, the time-sequence of CMF 
deposition was invariably similar with the discriptions given in the first chapters. It 
may be concluded that the polarization of plant cells is not, or just very briefly lost 
during temporal cell-wall removal and thus raises the question how cell polarization 
is maintained. Furthermore, the ordering of CMF in the initial wall implies a more 
complex relationship between turgor-pressure driven wall formation and cell 
shaping. 
Influencing cell shape was addressed in chapter four. The hormone regulated 
process of cell elongation through surface growth of regenerated tobacco proto-
plasts could be altered. Various treatments interacting with calcium metabolism 
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showed changes in the extent of elongation. Moreover, two prominent phenomena 
of cell-shape alteration were observed, that is cell swelling and cell torsion. It was 
inferred that cell swelling is accompanied by disabling internal calcium transport, 
but also a rapid excretion of calcium may invoke a similar effect. The occurence of 
induced cell torsion by fusicoccin, TMB-8 and A23187 indicated that the action of 
fusicoccin is not only wall relaxation through wall-directed proton extrusion as the 
calcium antagonist and the ionophore achieved similar results. How the torsion is 
accomplished is still unknown. Yet, its general presence in a large number of other 
plant cell systems indicate its non-aberrance. Within the helical spring model of 
CMF deposition, temporal and spatial wall relaxation through a change of the 
elasticity and plasticity of the entire or parts of the wall, might result in a twisting 
of cells around their axes. The specific moduli, that is the vectors that determine 
the spatial arrangement and changes of the entire cell wall, which are presumed to 
couple shear and extension, might have been differently influenced by the various 
drugs. The ultimate confirmation of the helical spring model (Probine 1964, Boyd 
1985) requires further detailed wall analysis of such cells. The inducible torsion of 
other cell types, like in certain algae or in the thigmonastic/haptotropic responses 
of tendrils might than serve as natural occuring controles. 
Pollen tubes proved to be excellent material to study the complete ontogeny 
of the plant cell wall (chapter 5), mainly because of their polarized growth and 
cytoplasmic zonation. Dictysomes in pollen tubes showed to produce a large 
number of uniform, single-type secretory vesicles, which arise from the dissolution 
of a pre-vesicular cluster at the trans-side of the dictysomes, and therefore these 
clusters could be classified as specialized trans-Golgi networks. The vesicles fuse 
at a restricted, thickened site of the tube tip, their action resulting in a merged two-
layered wall. Gradually, the layers shift and were indentified as an outer pectic 
layer and an inner cellulosic layer. It was shown the first layer may readily be 
discarded, whereas the cellulosic layer is constucted of 5-7 strata of CMF forming 
a typical texture as discribed earlier. Pollen tubes may form a secondary wall 
below the tip, which consist of callose deposited between the cellulosic layer and 
the plasma membrane. The callosic layer correctly is referred to as a secondary 
wall, it also embeds an ordered network of CMF like other secondary walls after 
growth has ceased. Within the concept of the alternating action of the trans-
membrane enzyme producing cellulose or callose it was proposed that at least in 
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pollen tubes these enzymes are not retrieved through endocytosis or permanently 
inactivated. Instead, it was assumed that in the tubular part of the secondary wall, 
these enzymes switch gradually or transiently to callose synthesis. Thus, it would 
for instance explain 1) the gradually increased thickening of the callosic layer, 2) 
the presence of "callose grains" in other pollen species, 3) the in vitro production 
of callose, cellulose and mixed glucans by isolated vesicles and 5) the formation of 
callose plugs through intensified sites of callose synthesis and the fusion of vesicles 
at these sites, which probably represent a surplus of redundant secretory vesicles. 
It could be concluded on the basis of callose/cellulose synthesis-inhibiting experi-
ments and autoradiography that callose is essential for pollen germination, but not 
intrinsicly necessary for pollen tube growth. These results are compatible with data 
on those species, that do not form callose in their walls and neither form plugs. 
Furthermore, it was conceived that plugs are not initially produced to seal tubes, 
but arose as a disposal-system for nonfused secretory vesicles. The function of 
callose during pollen tube growth is interpreted as a mean to maintain a proper 
osmotic environment as this polysaccharide may edimically (see Eschrich 1970) act 
as an extracellular vacuole controlling the flow of water and nutrients. These 
specific properties of callose might therefore also relate to a controlling factor in 
cell signalling. 
Comparing the data obtained from two dicotyledoneous pollen species, i.e., 
tobacco and petunia, with the monocotyledon lily, demonstrated that wall formation 
in pollen tubes is essentially identical. Earlier reported crucial variations could 
therefore be classified as artifacts. 
The transient character of fibrillar callose stuctures was demonstrated in 
living cells of a tobacco suspension culture and culture cells of Morinda citrifolia. 
The callose structures proved to be different from wound-induced callose formati-
ons and were of a similar order as those found in cotton fibre hairs. During wall 
regeneration of protoplasts and elongation of these cells, similar structures occur-
red. The transverse orientation of the callose deposits resembled the orientation of 
CMF in elongated cells. The occurence of such callose formations is still open for 
discussion. It seemed obvious that they are somehow related to patterned cellulose 
synthesis or directionality of CMF deposition. The temporal switch from cellulose 
to callose synthesis as a wounding consequence was considered unlikely. It has also 
been suggested that callose, present as spots or aligned spots may stabilize or 
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interconnect the cell membrane with the cell wall during growth. 
The callose formations in Morinda and tobacco cells might also relate to 
contact with the environment. In chapter 7 it was shown that under certain circum-
stances epidermal onion cells produce numerous callose spots in the outer cell wall. 
These seemed to correspond with the so called ectodesmata. These trans-wall 
"structures" are believed to play a crucial role between contigious cells and the 
environment. Extrusion of certain substances and/or water "through" ectodesmata 
forms the basis for their identification. It has been assumed that callose depositions 
with similar density distributions might somehow relate to, or regulate this 
extrusion process in identical ways as discribed earlier for pollen tubes. From 
recent identification of substrate and cellular adhesion molecules in onion cells it 
was also suggested that callose deposits stabilize the connection of the membrane 
or certain transmembrane proteins with these ectodesmal sites, plasmodesmata or 
non-plasmodesmal sites of Hechtian Strands. 
As cell communication forms an increased field of interest in modern plant 
science it is obvious that callose plays a crucial role in this process and necessitates 
a turn of attention to this neglected polysaccharide. 
The basic construction of the architectual framework of CMF in plant cells 
has been elucidated and should initiate a new onset for the study of morphogenesis 
in plant cell wall, especially the potential marker-function of this cell structure in 
plant development. 
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CHAPITER 9 
Samenvatting 

Dit proefschrift benadrukt het belang van de textuur, het drie-dimensionale 
cellulose'-netwerk in plantecelwanden*. In de hoofdstukken 2, 3, 4, en 5 werd be-
schreven hoe de cellulose microfibrillen*, die als het ware rondom een cel gewik-
keld zijn, de groei en de vorm van de cel kunnen bepalen. 
De rol van callose*, een tijdelijk aanwezig suikerpolymeer, dat in of op de 
wand voorkomt, en aan de plasmamembraan* gekoppeld kan zijn, werd toegelicht 
in de hoofdstukken 5, 6 en 7. Vooral de hoofdstukken 5 en 6 benadrukken de 
vermoedelijke relatie tussen callose- en cellulose synthese. De waarnemingen aan 
de interactie tussen callose en de omgeving werd hoofdzakelijk bestudeerd in de 
hoofdstukken 5 en 7, waarbij het zwaartepunt duidelijk in hoofdstuk 7 lag. 
In de algemene inleiding zijn de vragen rondom het voorkomen en de rol van 
cellulose- en callosesynthese in de ontwikkeling van plantecellen in hun kader 
geplaatst. De hier volgende paragrafen geven de beknopte en geïntegreerde 
samenvattingen, en bevatten gedeeltelijk meer uitgebreide conclusies uit de diverse 
hoofdstukken. 
In hoofdstuk 2 werd de oriëntatie van cellulose microfibrillen kwantitatief 
bepaald in de primaire* celwanden van verschillende celtypen. Nieuw gevormde 
cellulose microfibrillen bleken aanwezig te zijn in diverse richtingen. Wanneer 
deze richtingen, dwars door de lagen van de celwand heen, worden geanalyseerd 
dan blijkt dat die richtingen onderverdeeld kunnen worden in groepen of subpopu-
laties. Het bestuderen van CMF die elkander onder- of overkruisen gaf aan dat de 
richting van CMF een variërende, geleidelijke verschuiving vertoont op verschil-
lende dieptes in de celwand. Deze richtingen laten een volgorde van verschuivin-
gen zien, die met de klok mee of juist tegen de klok indraaien. In het algemeen 
komen er evenveel cellen voor waarin de richtingen naar de ene of naar de andere 
zijde verschuiven. Echter, in sommige cellen kan het voorkomen dat deze verschui-
ving één of soms meerdere malen van richting verandert. De snelheid van rich-
tingsverandering van de cellulose-synthese bepaalt uiteindelijk het aantal en de 
dichtheid van cellulose microfibrillen in een bepaalde richting. Binnen één specifiek 
vlak in de celwanden kan de oriëntatie van de cellulose microfibrillen verschillen. 
Ook kunnen deze cellulose microfibrillen uit verschillende richtingen elkaar 
*zie woordenlijst 
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kruisen. Daardoor is het niet mogelijk dat cellulose microfibrillen op het oog 
herkenbare, gescheiden lagen* of lamellen* vormen. Helicoïdaal* geordende 
cellulose microfibrillen vormen wel herkenbare lagen aangezien er een duidelijk 
ruimtelijke scheiding bestaat in de diverse richtingen waarin cellulose microfibrillen 
worden afgezet. 
Hoewel de onderzochte primaire celwanden in dit proefschrift geen duidelij-
ke gescheiden lagen tonen, kan het principe van die afzetting toch gekarakteriseerd 
worden als een hélicoïdale ordening. 
Soortgelijke kwantitatieve studies naar de ordening van cellulose microfi-
brillen in secundaire* wanden van Urtica dioica (brandnetel) wortelharen* lieten 
zien dat de cellulose microfibrillen in twee, tegengestelde spiralen (helixen) worden 
afgezet. Daarbij bleek dat de linksdraaiende helix duidelijk meer cellulose microfi-
brillen bevat, maar dat deze wel verweven zijn met de cellulose microfibrillen van 
de rechtsdraaiende helix. De aard van dit type afzetting kan afgeleid worden van 
het boven beschreven hélicoïdale principe. De verschuiving van richting van 
cellulose microfibrillen wordt selectief gestopt in de secundaire wand, waardoor de 
twee overgebleven hoofdrichtingen het meest tot uiting komen. Zowel in wortelha-
ren als andere celsystemen komt een overgangszone voor tussen de primair 
gevormde wand en de secundaire wanden. Een sluitend bewijs voor de afzetting 
van cellulose microfibrillen volgens een helicoïdaal principe in secundaire wanden 
zou uit dat soort wandgebieden verkregen kunnen worden. De afzetting van de 
cellulose microfibrillen in bepaalde richtingen bleek, zoals eerder aangetoond in 
vele andere studies, niet gecontroleerd te worden door microtubuli*. 
Ook de textuur van de celwand in pollenbuizen* (hoofdstuk 5) komt overeen 
met de texturen beschreven in de eerste hoofdstukken. Pollenbuizen groeien 
uitsluitend aan hun top. De textuur in de top blijkt niet te verschillen met die in het 
achterliggende buisgedeelte. Er werden geen aanwijzingen gevonden die zouden 
kunnen duiden op een eventuele heroriëntatie van cellulose microfibrillen in de 
overgang van top naar buis. De primaire pollenbuiswand vertoont, zoals in de 
secundaire wand van wortelharen, twee elkaar kruisende, spiraalvormige afzettin-
gen van cellulose microfibrillen met een gelijke dichtheid. Verschillen in het aantal 
afgezette cellulose microfibrillen en de hoek die de spiralen maken met de lengte-as 
van de cel worden beschouwd het gevolg te zijn van verschillen gedurende de groei 
van de buizen. De secundaire wand in pollenbuizen wordt alleen gevormd in het 
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buisgedeelte. Deze wand bevat voornamelijk callose. Het callose omsluit echter wel 
een cellulose netwerk. Dit netwerk vertoont eveneens twee elkaar kruisende 
spiralen van cellulose microfibrillen. Een van beide is ook hier kwantitatief groter 
net als in de secundaire wand van wortelharen. Voorts is het cellulose microfibril-
len netwerk van de secundaire wand opvallend losser gestructureerd. Of de 
pollenbuis-textuur helicoïdaal opgebouwd is vereist nu een verder uitgebreide studie 
zoals beschreven in het eerste hoofdstuk. 
Tot nu toe zijn de bewijzen voor een gecontroleerde afzetting van cellulose 
microfibrillen verkregen uit chemisch behandelde weefsels of losse plantecellen. 
Door chemische extractie worden alle celwand-bestanddelen verwijderd behalve de 
cellulose microfibrillen. Voor het eerst kon ook de gerichte afzetting van cellulose 
microfibrillen op het oppervlak van levende cellen worden gedemonstreerd 
(hoofdstuk 6). Daartoe werd de celwand van levende tabakscellen m.b.v. enzymen 
verwijderd. Dit proces levert ronde cellen, zogenaamde protoplasten op. In een 
geschikte omgeving zullen deze protoplasten een nieuwe wand gaan vormen. Het 
proces van de afzetting van cellulose microfibrillen in deze wand werd met speciale 
stoffen, die na binding met cellulose fluoresceren, gevolgd. Daaruit bleek dat vanaf 
het allereerste moment de nieuwe cellulose microfibrillen geordend worden afgezet. 
Deze ordening is in overeenstemming met de beschrijvingen uit de eerste hoofd-
stukken. Uit deze gegevens blijkt eveneens dat, ook al wordt de wand van de 
cellen tijdelijk verwijderd, de cellen hun polariteit niet, of slechts gedurende een 
bijzonder korte tijd verliezen. De vraag blijft dan hoe plantecellen hun polariteit 
handhaven. Verder blijft ook de vraag hoe de relatie is tussen de turgordruk* en de 
vorming van cellulose microfibrillen. De aan deze relatie gekoppelde bepaling van 
celvorm lijkt dan ook complexer dan tot nu toe werd verondersteld. 
Het beïnvloeden van de celvorm wordt in het vierde hoofdstuk uitgebreid 
toegelicht. Het strekken van tabakscellen wordt gereguleerd door hormonen. De 
groei van dit soort cellen vindt plaats over het gehele oppervlak met uitzondering 
van de toppen. Specifieke behandelingen die aangrijpen op het calcium metabolis-
me van cellen zijn in staat om de mate van groei (strekking) te beïnvloeden. 
Sommige behandelingen bewerkstelligen het opzwellen van cellen en/of het 
torderen van cellen. Het opzwellen van cellen gaat gepaard met een verstoring van 
het interne calciumtransport. Ook een snelle uitstoot van calcium kan tot dat effect 
leiden. Het induceren van celtorsie door de stoffen fusicoccine', TMB-8* en 
A23187* doet vermoeden dat het bekende effect van fusicoccine nl. niet alleen 
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bestaat uit het verzwakken van verbindingen in de wand door de uitstoot van 
protonen die de wand verzuren, maar ook een relatie heeft met verstoringen in het 
calcium metabolisme. Door TMB-8 blijft calcium verbonden aan intracellulaire 
membranen, terwijl A23187 een sterke instroom van calcium veroorzaakt. Ook 
deze stoffen verhogen het aantal spiraliserende cellen. Het is volslagen onbekend 
hoe het proces van spiraliseren tot stand komt. Aangezien dit verschijnsel algemeen 
voorkomt in een groot aantal andere planteceltypes en weefsels is het hoogst 
onwaarschijnlijk dat het hier een abnormaal verschijnsel betreft. Het draaien van 
cellen rondom hun eigen as past in het zogeheten gedraaide-spiraal model. In dit 
model worden de cellulose microfibrillen in de vorm van een stelsel van spiralen 
rondom de cel aangebracht. Door de druk die de cel uitoefent op de gehele wand 
ontstaan er spanningen in het wandmateriaal. Door de elastische* en plastische* 
eigenschappen van het wandmateriaal op bepaalde plaatsen en momenten te 
veranderen is het mogelijk dat cellen gaan spiraliseren. Uit de experimenten met de 
stoffen die het calcium metabolisme beïnvloeden wordt het volgende afgeleid: de 
stoffen hebben aangegrepen op de factoren die wrijving tussen wandcomponenten 
en de celstrekking koppelen. De uiteindelijke bevestiging van het gedraaide-spiraal 
model, zoals naar voren gebracht door Probine (1964) en Boyd (1985), zal 
bevestigd moeten worden vanuit gedetailleerde studies van de wand. Celtorsie is 
induceerbaar of komt van nature voor in andere celtypes. Bepaalde algen kunnen 
spiraliseren indien gekweekt in een viscoser medium. Ranken bij planten spiralise-
ren wanneer ze in contact komen met een gunstige ondersteuning. Als zodanig 
kunnen deze voorbeelden dienen als controle voor de "kunstmatige" inductie van 
spiraalgroei. 
Pollenbuizen zijn ideale cellen om het gehele proces van wandvorming te 
bestuderen (hoofdstuk 5), voornamelijk doordat deze cellen uitsluitend aan de top 
groeien en het cytoplasma (celinhoud) een zonering vertoont. De dictyosomen* of 
Golgi-lichamen van pollenbuizen produceren een groot aantal uniforme secretie-
blaasjes van één type. De blaasjes snoeren af van een zogenoemd pre-cluster dat 
benoemd kan worden als een gespecialiseerd "trans-Golgi-netwerk". De blaasjes 
versmelten met de membraan in de top van pollenbuizen in een beperkt gebied van 
de top dat een karakteristiek verdikt wandgedeelte laat zien. Het verdikt wandge-
deelte bestaat uit een, in eerste instantie, enkele laag. Geleidelijk treedt een 
scheiding in twee lagen die meer in de richting van de buis steeds duidelijker 
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wordt. De buitenste laag kan omschreven worden als een pectineuze'-laag en de 
binnenste als een cellulose-houdende laag. De pectineuze-laag kan makkelijk 
oplossen in tegenstelling tot de cellulose-laag. Deze bestaat uit 5-7 lagen cellulose 
microfibrillen met een typische ordening (zie boven). In het buisgedeelte kan een 
secundaire, voornamelijk uit callose bestaande, wand afgezet worden. 
Van cellulose en callose wordt verondersteld dat ze gevormd kunnen worden 
door één en hetzelfde membraangebonden enzymcomplex dat, zeker in pollenbui-
zen, niet gerecycled of permanent geïnactiveerd wordt. In plaats daarvan wordt 
hier aangenomen dat de enzymcomplexen cellulose produceren in de top van een 
buis, terwijl ze uiteindelijk in het buisgedeelte geleidelijk en/of tijdelijk overscha-
kelen op de produktie van callose. Dit concept zou een aantal observaties kunnen 
verklaren die normalerwijze moeilijk met elkaar te verenigen zouden zijn. Deze 
observaties zijn: 1) het geleidelijk verdikken van de callose-laag in pollenbuizen, 2) 
de aanwezigheid van zogenoemde callosekorrels in andere soorten, 3) de produktie 
van callose, cellulose en een mengvorm van deze twee stoffen door kunstmatig 
geïsoleerde dictyosoomblaasjes en 5) ook de vorming van calloseproppen* in 
pollenbuizen op plaatsen waar de produktie van callose hoger is en waar ook 
versmelting optreedt met blaasjes die niet in de top zijn versmolten. 
Uit experimenten waarin de produktie van cellulose en callose kunstmatig 
werd geremd kon geconcludeerd worden dat callosesynthese een noodzakelijk 
onderdeel vormt in het kiemen van pollenkorrels, maar niet een absolute voorwaar-
de is voor de groei van de pollenbuizen. Dit laatste is in overeenstemming met 
waarnemingen in plantensoorten die van nature geen calloselaag vormen en/of geen 
calloseproppen aanmaken. Uit deze gegevens werd uiteindelijk opgemaakt dat de 
calloseproppen tijdens de groei van pollenbuizen niet in eerst instantie de buis 
regelmatig moeten afsluiten, maar dienen als een afvoerplaats voor overtollige 
dictyosoomblaasjes die niet in de top van de buis versmolten zijn. De functie van 
callose tijdens de groei van de pollenbuizen wordt gezien als een middel om een 
stabiele osmotische omgeving te creëren. Daarbij wordt verondersteld dat deze 
polymère suiker oedemisch (zie Eschrich 1970) functioneert als een buiten de cel 
liggende vacuole* waarmee de stroom van water en voedingsstoffen min of meer 
gecontroleerd kan worden. Dit soort specifieke eigenschappen van callose doet 
vermoeden dat het daardoor ook een rol kan spelen in de uitwisseling van signalen 
tussen cellen onderling. 
Wandvorming in pollenbuizen uit de plantenhoofdklassen monocotylen* 
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(lelie) en dicotylen* (tabak, petunia) verloopt identiek. Vermeende verschillen uit 
eerdere studies kunnen dan ook bestempeld worden als artefacten. 
In levende tabak- en Morinda cellen werden callose structuren van een 
tijdelijke aard aangetoond. Qua verschijning lijken de callose structuren veel op 
die, welke gevonden zijn in de haren van de katoenzaden. Wanneer protoplasten 
een nieuwe wand aanmaken en vervolgens strekken, worden gelijksoortige callose 
afzettingen gevonden. Vaak betreft het draadvormige afzettingen die dwars op de 
lengterichting van de cel staan. De functie van callose in het algemeen, maar ook 
specifiek in dit soort gevallen, wordt nog steeds bediscussieerd. Het is hoogst 
onwaarschijnlijk dat de gevonden callose structuren het gevolg zijn van celverwon-
ding*. Anderzijds ligt het voor de hand dat callosevorming gerelateerd is aan de 
ruimtelijke ordening van de cellulose microfibrillen in de wand. In strekkende 
cellen ligt een groot aantal cellulose microfibrillen óók min of meer dwars op de 
lengterichting van de cel. Voorts is het mogelijk dat deze callose-structuren 
plaatselijk de celmembraan stabiliseren of dienst doen als een verbinding tussen de 
celmembraan en de zich vormende wand. 
Dit soort callose-structuren zouden daarnaast gerelateerd kunnen zijn met het 
contact tussen cellen en hun omgeving. In hoofdstuk 7 werd namelijk aangetoond 
dat onder bepaalde omstandigheden de epidermale cellen van de ui een groot aantal 
puntvormige callose-afzettingen produceren, en wel in dat deel van de cel dat 
grenst aan de buitenwereld. De verdeling en aanwezigheid van deze structuren 
lijken overeen te komen met ectodesmata*. Ectodesmata zijn "structuren" die dwars 
door de wand lopen. Omdat ectodesmata alleen aangetoond kunnen worden in 
cellen die grenzen aan de buitenwereld wordt aangenomen dat zij een rol spelen in 
het contact met de buitenwereld. Het is door de uitscheiding van bepaalde stoffen 
en water dat de positie van ectodesmata bepaald kan worden. Callose afzettingen 
zouden op een gelijksoortige wijze invloed kunnen hebben op de uitscheiding, zoals 
werd gesuggereerd voor het callose van pollenbuizen. De verdeling van eiwitten 
over de membraan en in de wand, die een rol speelt in de hechting van de uien-
cellen, laten ook een vergelijkbare verdeling zien als die van de callose-afzettingen. 
Deze afzettingen zouden een stabiliserende rol kunnen spelen in de verbinding van 
de membraan of bepaalde membraangebonden eiwitten met de plaats waar ectode-
smata, plasmodesmata* of Hechtse* draden zich bevinden. 
146 
Twee algemene conclusies kunnen getrokken worden. 
Het lijkt dat callose in de communicatie tussen plantecellen een cruciale rol 
speelt. De aandacht voor cel-cel communicatie rechtvaardigt meer onderzoek naar 
dit deels verwaarloosde suikerpolymeer. 
De wijze waarop een gestructureerd netwerk van cellulose microfibrillen rondom 
cellen wordt opgebouwd is grotendeels opgelost. Hieruit mag verwacht worden dat 
dit zal leiden tot een nieuwe opening in het onderzoek naar de vormbepaling in 
planten en plantecellen. Een mogelijke marker functie in de differentiatie van de 
cel is wellicht mogelijk. 
woordenlijst 
A23187: leidt tot een verhoogde instroming van calcium in cellen. 
Callose: een polymère suiker gevormd uit een bèta 1-3 aaneenschakeling van enkele 
honderden glucose moleculen. Callose wordt gevormd tussen de membraan en de 
bestaande wand in en is meestal slechts tijdelijk aanwezig. Het wordt vooral tijdens 
de ontwikkeling van plantecellen aangetroffen. Ook gedurende verwonding van 
cellen kan razendsnel produktie optreden. Callose heeft een enorme watervasthou-
dende-capaciteit die sterk wordt beïnvloed door calcium. 
Calloseproppen: pollenbuizen, omdat zij soms centimeters lang worden, kunnen op 
regelmatige afstanden in de buis deze afsluiten met een prop die voornamelijk 
bestaat uit callose. Propvorming wordt noodzakelijk geacht, om de celinhoud 
beperkt te houden. 
Cellulose: een polymère suiker gevormd uit een bèta 1-4 aaneenschakeling van 500 tot 
zo'n 15.000 glucosemoleculen. Celluloseketens bundelen zich tot microvezels met 
bepaalde afmetingen en worden dan cellulose-microfibrillen genoemd. Dit soort 
bundels zijn voor een groot deel kristallijn. Mede door deze eigenschap kan 
cellulose een hoge trekkracht weerstaan. 
Cellulose-microfibrillen: zie cellulose 
Dictyosoom: een pakket van langgerekte, parallel, plat samengedrukte blaasjes (cisternen) 
omgeven door membranen. Aan één zijde van het dictyosoom worden blaasjes 
afgesnoerd. In pollenbuizen versmelten de blaasjes in de top en leveren daar de 
Produkten af die de groei aan de top in stand moeten houden. Een pollenbuis kan 
tientallen tot honderden dictyosomen bevatten. 
Ectodesmata: kanaalachtige structuren in de wand die echter geen structurele vaste 
verbindingen tussen cellen en de omgeving vormen en alleen door een bepaalde 
chemische reactie aangetoond kunnen worden. 
Elastisch en plastisch: respectievelijk reversibele en niet-reversibele rek. 
Fusicoccine: gifstof uit schimmels die leidt tot verwelking en weefselstrekking in planten 
kan veroorzaken; werkt op het actieve transport via de membraan. 
Hechtse draden: draadachtige verbindingen tussen de wand en de protoplast nadat de 
protoplast door waterverlies ingekrompen is. 
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Helicoïdaal: een vorm van laagvorming van paralelle cellulose microfibrillen. Iedere 
nieuwe laag verschilt in richting van de vorige laag waarbij in een monotone 
helicoide dit richtingverschil altijd constant is vergelijkbaar met de plaatsing van 
treden in een wenteltrap. 
Membraan: is opgebouwd uit een dubbele laag van lipiden met daarin een groot aantal 
verschillende eiwitten. Levende cellen en hun inwendige organellen zijn in zijn 
geheel omhuld door een membraan. 
Microtubuli: buisvormige structuren in de cel. Geordende netwerken van deze buizen 
komen ook dicht aan het inwendige oppervlak (membraan) van de cel voor. In 
bepaalde onderzoeken gaat men er van uit dat de richting van cellulose in de wand 
bepaald wordt door deze microtubuli. 
Monocotyl en dicotyl: twee hoofdklassen van planten die duidelijk wezenlijke verschillen 
vertonen in de groei en hun uitwendige kenmerken. Bomen en kruidachtige planten 
zijn meestal dicotylen, grassen en de meeste bolgewassen zijn monocotylen. 
Lagen en lamellen: met betrekking tot de textuur; in een laag lopen de cellulose-
microfïbrillen in een en dezelfde richting. De laag bestaat uit een opeenstapeling 
van cellulose microfibrillen, terwijl een lamel slechts één fibril dik is. 
Osmose: diffusie van water via een halfdoorlaatbaar membraan als gevolg van een 
concentratieverschil van bepaalde stoffen ten weerszijde van deze membraan, zie 
plantecelwand en vacuole. 
Pectine: een polymeer van galacturonzuur, een suikerderivaat. Pectine is opgebouwd als 
onvertakte ketens van alfa 1-4 verbindingen van galacturonzuur. Het maakt deel uit 
van de matrix van de wand. Door verbindingen aan te gaan met calcium ontstaat 
een gel-achtige toestand, die een verhoging van de stijfheid van de wand als geheel 
kan bewerkstelligen. 
Plantecelwand: een flexibele wand die de plantecel (protoplast) omgeeft, bestaande uit 
een complex netwerk van cellulose-microfibrillen die in een matrix van andere 
polymère suikers en bepaalde eiwitten liggen ingebed. De wand is doorlaatbaar voor 
gassen en water en daarin opgeloste stoffen. De functie van de wand is ondermeer 
mechanisch: de protoplast oefent een druk (turgordruk) uit op de wand als gevolg 
van wateropname door osmose. Hoewel de elastische en plastische eigenschappen 
van de wand enige uitzetting toestaan is de wand over het algemeen voldoende sterk 
om extreme volumetoename te weerstaan en het barsten van cellen te voorkomen. 
In deze toestand verleent de turgordruk stevigheid aan de cel en bepaald zo ook de 
vorm van de plant. Een sterk verlaagde druk kan leiden tot verwelking. 
Plasmodesmata: ononderbroken plasmaverbindingen tussen plantecellen. 
Pollenbuizen: buisvormige, uitsluitend aan de top groeiende cellen die ontstaan uit 
pollenkorrels (stuifmeel). 
Primaire celwand: de wand die gevormd wordt zolang de cel aan het groeien is. Bevat in 
de regel beduidend minder cellulose dan secundaire wanden. 
Secundaire celwand: wanneer de groei van cellen stopt kan tegen de primaire wand een 
secundaire wand worden afgezet. De specifieke samenstelling van deze wand is 
nauw verbonden met de (latere) functie van de cel. Cellen die aan hun top groeien, 
zoals pollenbuizen en wortelharen, vormen in de groeiende top een primaire wand, 
maar kunnen gelijktijdig in het achterliggende buisgedeelte een secundaire wand 
vormen. 
TMB-8: bindt calcium aan membranen in de cel waardoor het inwendige calcium 
transport wordt verstoord. 
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Turgordruk: zie plantecelwand en vacuole. 
Vacuole: een met vloeistof gevuld organel omgeven door een membraan. In de regel vult 
de vacuole het overgrote deel van het celvolume en speelt een belangrijke rol in het 
handhaven van de turgordruk. 
Wortelharen: buisvormige uitgroeingen van de opperhuidcellen van de wortel. Verhogen 
de opname capaciteit van water en voedingstoffen door de wortel. 
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in the nuclei of elongating cells of Nicotiana tabacum. Can. J. Bot. 71:725-731 
Wolters-Arts AMC, Τ van Amstel and J Derksen (1993) Tracing cellulose microfibril orientati 
on in inner primary cell walls. Protoplasma 175:102-111 
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Nabeschouwing 
Bijna ieder proefschrift kent wel een vorm van dankwoord. Wezenlijke bezwaren tegen de 
standaardvorm zijn uitstekend verwoord in het proefschrift van Dr. Harry Kengen. Ik sluit me 
daarbij volledig aan. De mate waarin anderen een rol hebben gespeeld vanaf het begin tot aan de 
voltooïng van deze dissertatie is aan mij om te bepalen. Evenwel is het mogelijk dat ik die mate 
onvoldoende heb herkend of anders heb ingeschat. De lijst van namen hieronder moet dan ook 
niet gezien worden als "slechts" een opsomming van namen. Het staat een ieder vrij door te 
halen wat niet van toepassing is, dan wel aanvullingen uit te voeren. 
fams. van Amstel, fam. van Rijn, fam. van Nooit, fam. Fennes te Lisse, fam. Fennes te 
Voorschoten, fam. Scholten, fam. Muller, Mevr. v/d Marel-v/d Plas, Mevr. Rapis, fam. van 
Riet | Profs. Waterkeyn, Li, Sassen, Linskens, Wullems, Willemse, Boon, Beurskens, Cresti, 
Steer, Mariani, Knox, Blom | Dr. Derksen, Pierson, Wilms, Peeters, Smulders, Kengen, 
Rutten, Weterings, Arroo, Jacobs, Capkova, v. Herpen, Barendse, Schrauwen, Croes, v/d Ende, 
Yap, Wachters, Kempers, Paulij, Gevers, Emons, v. Lammeren, de Rijk | Anke Kemp, 
Margaret Bosveld, Peter de Groot, Wim Reynen, Tineke, Mieke, Bart, Clementine, Richard, 
Theo, Norbert de Ruyter, Hans Smits, José & José, Else | Ton Pradon, Elly Wijte-Kersten, 
Max Stel, Dame Edna, Dhr. ν. Gastel, Rob Kasman, Cor & Leo, Jan Dobbelman, Jelle 
Eygensteyn, Koen v/d Mey | Carlo v/d Rijt, Mieke Melis, Conny Mooren, UCI, Rob 
Cornelissen, Paul v. Loosdrecht, Eric Visser, Anjo Smits, Richard Smokers, Maziar Nekovee, 
Gijs Avink, Dolf Dicke, Huub Geurts, Michel Peters, de biologie-bibliotheek, Jo, Henk, Dhr. 
Sprayt, Dhr. Dekkers, franse ambassade te Den Haag i.h.b. mevr. Bombeke, L'Alliance 
Française, de steden Cenon en Bordeaux i.h.b. M. Valette, La Grande Chancellerie de la Légion 
d'Honneur I Barend & Romana, Floyd, Anneke, Margryt, Koen, Monica, Xander, Stanny, 
Sebastian, Nico & Hanny, Rudy, Ralph, Els, Metha, Susan, Eric, Ron, Marcel, Yvonne, 
Jeanette, Wim, Jolanda & Henk, Lucia & Nico & Henk, Corinne & Peter & Marisol, Wim & 
Wim, Ton & Stef, Ton, Frank, Katja, Marcel, Eric & Mona, Frederick & Ton, Alex & Jeroen, 
Johan & Hélène, Karin, Karin & Nort, Marc, Marcel, Joyce, Bart, Joost, Marco, Hans, Bas, 
Theo, Marleen & Arthur, Antoinette & Sake, Conny, Daphne, Gerardine, Niek, Ingrid, 
Keinosuke, Darren, Melinda, Peter & Odile, Tonine, Tonny, Jeroen, Coen, Peter, Katinka, 
Chris & Pina, Theo & Thea 
Om voor hen duidelijke redenen blijf ik apart stil staan bij in ieder geval drie personen. Mijn 
voormalige collega Harry Kengen wil ik speciaal noemen, omdat het niet alleen de koffie was 
waardoor we het gered hebben. Daarnaast kan ik het niet beter omschrijven dan Harry al deed in 
zijn proefschrift: "For her inerasable impression on some members of the department and her 
contribution to the "fun" (well, Harry you do not just speak for yourself!) I thank Fiona Doris. 
Uiteraard is het mijn moeder die ik het meest dankbaar ben. Tot aan haar overlijden in 1990 
stond ze onvoorwaardelijk achter mij en m'n activiteiten. Iets wat nimmer vervangen kon 
worden. 
Ton 
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Curriculum Vitae 
Ton van Amstel werd op 23 januari 1961 geboren te Delft. Na een kortstondig verblijf 
van 6 maanden in Rijswijk, verhuisde hij naar Eindhoven. Met een onderbreking van 3 
jaar in de gemeente Best behaalde hij in 1979 het O.V.W.O examen aan het Eckart 
College in Eindhoven. Datzelfde jaar begon hij aan zijn studie Biologie aan de Katholieke 
Universiteit van Nijmegen. 
In 1980 werd de Propaedeuse Big behaald, gevolgd door het Kandidaatsexamen in 
1983. Tijdens de oude stijl doctoraalfase werd een plantenfysiologisch hoofdvak gevolg op 
de toenmalige afdeling Botanie I onder Prof. Dr. HF Linskens met als directe begeleiders 
Dr. G Barendse en Dr. A Croes. De daarop volgende bijvakken werden respectievelijk 
uitgevoerd op de afdeling Botanie III (Submicroscopische Morfologie) onder supervisie 
van Prof. Dr. MMA Sassen en op de afdeling Biogeologie onder Dr. L. Kempers. 
Het doctoraalexamen werd met succes afgelegd in 1987. 
Gedurende de periode maart 1988 tot en met maart 1992 was hij aangesteld als assistent 
in opleiding aan de vakgroep Experimentele Plantkunde binnen de onderzoeksgroep 
Submicroscopische Morfologie onder de leiding van Prof. Dr. MMA Sassen en Dr. J 
Derksen. Het proefschrift werd voltooid in de wachtgeld periode. 
In de onderzoeksperiode werden regelmatige werkbezoeken afgelegd bij het ITAL 
in Wageningen en het Max-Planck Institut für Züchtungsforschung te Keulen. Aan de 
Universiteit van Amsterdam werd een РАО-cursus Beeldbewerkinggevolgd. Naast het 
onderzoek werd verscheidene jaren een bijdrage geleverd aan het onderwijs in het eerste 
jaars practicum Plantkunde. Voorts werd een aantal research- en doctoraalstudenten 
begeleid. 
In 1988 werd de vakgroep Experimentele Plantkunde opgericht. Gedurende twee 
jaar maakte hij deel uit van het bestuur als vertegenwoordiging van het OWP. De precaire 
situatie van de gemiddelde promovendus in ogenschouw genomen leidde in 1991 tot de 
oprichting van de belangenvereniging AON (Aio Organisatie Natuurwetenschappem) met 
geldelijke en idieële steun van het Directoraat B-faculteiten. Als medeoprichter functio-
neerde hij tot 1993 als secretaris. 
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kaft: Reproduktie van een gravure (1907) getiteld: "De Fee van de Irissen", van Abel, 
Justin, François, Xavier Mignon (geboren in 1861 te Cenon, Frankrijk, t 19—). Het 
origineel heeft ooit deel uitgemaakt van een kunstcollectie van de stad Parijs. Het 
fundamenteel wetenschappelijk onderzoek, zoals in dit proefschrift beschreven, 
vertoont op verschillende manieren een directe, maar ook een symbolische verwant-
schap met de voorstelling van de gravure. 
cover: Reproduction of the engraving (1907) entitled "The Fairy of the Irisses", of Abel, 
Justin, François, Xavier Mignon (born in 1861 at Cenon, France, f 19—). The 
original was once part of an art collection of the city of Paris. The scientific 
research displayed in this thesis shows in different ways a direct, but also a 
symbolic relationship with the scenery of the engraving. 
couverture: Copie d'une gravure (1907) intitulée "La Fée aux Iris", d'Abel, Justin, 
François, Xavier Mignon (né en 1861 à Cenon, France, t 19—). L'original a appar-
tenu à une collection artistique de la Ville de Paris. Les travaux de recherche 
fondamentale de cette thèse présentent en divers aspets une affiliation directe mais 
aussi symbolique avec la mise-en-scène de la gravure. 
copertina: Copia di una incisione (1907) intitolata "La Fiera degli Iris", di Abel, Justin, 
François, Xavier Mignon (nato nel 1861 a Cenon, Francia, t 19—). L'originale 
faceva una volta parte di una collezione d'arte della città di Parigi. Il lavoro 
scientifico presentato in questa tesi mostra, in diverse maniere, una diretta ma anche 
simbolica relazione con la scena dell' incisione. 
I 4У"» I 
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Het originele filmmateriaal van dit proefschrift werd afgedrukt op 
ILFORD, RC DELUXE, Multigrade III fotopapier 
ILFORD 



STELLINGEN 
behorend bij het proefschrift: 
CONSTRUCTION OF PLANT CELL WALLS 
THE SIGNIFICANCE OF CELLULOSE AND CALLOSE IN PLANT CELL DEVELOPMENT 
1. "Scientific endeavor is perhaps more often than we like in direct conflict with 
human nature. Once we have made a statement we have a natural reluctance to 
withdraw it. Too often our attitude is to do experiments and use arguments to prove 
our point, rather than to find out honestly how the plant works, at the risk of 
finding an answer contrary to our wishes" 
Citaos ΜΗ Zimmermann and JA Milbura. Editors of Encyclopedia of Plant Physiology New 
Senes, Vol. 1 Transport in Plants I, Phloem Transport. Springer Verlag, Berlin Heidelberg New 
York 1975. 
2. Aangezien calloseproppen ook cellulose bevatten is de initiële benaming "Zellulo-
sepropfen" door Strasburger'"1 niet geheel incorrect. 
E Strasburger, Jahrb. Wiss. Bot. 17:50-98 1886. 
3. Het veronderstelde directe oorzaak-gevolg verband tussen turgordruk en de groei 
van plantecellen in relatie tot textuurvorming is onjuist. 
o.m. dil proefschrift 
4. Het voorkomen van zogenaamde embryozakbuizen'*' vereist een studie naar mogelij-
ke incompatibiliteitsfenomenen in de leden van de families der Balanophoraceae, 
Loranthaceae en Santalaceae. 
zie: Embryology of Angiosperms BM John ed. Springer Verlag, Berlin Heidelberg New 
York Tokyo, pp. 14-18 1984. 
5. Standaardverklaringen betreffende de mogelijk functie van callose in plantecellen 
moeten dusdanig in een kader geplaats worden dat het eindeloos herhalen van ideeën 
niet de geldigheidsstatus van deze bepaald. 
6. In een morfologische studie condenseert het resultaat vaak in fotografische opna-
men. Deze dienen niet verward te worden met menig "full-colour" illustratie in 
bepaalde wetenschappelijke tijdschriften. 
7. De politieke verantwoordelijkheid voor de ontwrichting van het wetenschappelijk 
onderwijs en het beurzenstelsel en de daaraan verbonden status van studenten en 
promovendi kan niet afgeschoven worden naar vorige kabinetsperioden. 
8. Flavonolen schijnen nodig te zijn voor de groei van pollenbuizen*'1. Water ook. 
e.g.: В Ylstra et al, Plant J. 6(2):201-212 1994. 
9. Wezenlijk onderzoek betreffende de suggestie dat flavonoiden betrokken zijn in de 
beweging van planten0 zou helderheid kunnen verschaffen over de rol van flavono­
iden in het top-groei mechanisme van pollenbuizen. 
zie: MJ Jaffe and AW Galston, Annu. Rev. Plant Physiol. 41:417-434 1968. 
10. In de toekomst zal de benaming aióóó of oióóó alleen nog vagelijk in verband 
gebracht worden met verloren gegane oerkreten. 




